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ABSTRACT 

This report documents work performed over the period 1 January 1998 to 31 December 
1998 on a MURI under the Office of Naval Research Contract N00014-96-1-1173. The topic 
"Acoustic Transduction Materials and Devices" brings together groups in the Materials Research 
Laboratory (MRL), the Applied Research Laboratory (ARL), and the Center for Acoustics and 
Vibrations (CAV) at Penn State. 

Research on the program is adequately represented in the 80 technical appendices. 
Outstanding accomplishments include: 
Exploration of several new relaxor ferroelectric perovskite solid solution with 

morphotropic phase boundaries. New evidence of the onset of nonlinearity in soft donor doped 
PZTs at surprisingly low (lV/cm) fields. Confirmation of the relaxor phase induced by electron 
irradiation in PVDF:TrFE copolymers, and a processing method which permits very high (4%) 
electrostrictive strain in the transverse direction, vital for the practical use in actuator systems. In 
composite transducer, "first fruits" of the cooperative program are cymbal arrays which form 
most effective acoustic projectors, and a new "dog bone" design which permits deeper 
submergence for the cymbal. Agile transducers, the 3-D acoustic intensity probe and high force 
high strain torsional and step and repeat systems continue to make excellent progress. In actuator 
studies true acoustic emission is proving to be an excellent tool in reliability studies and a new 
design of small-scale (mini) piezoelectric motor shows outstanding performance. Thick thin film 
studies and are now "gearing up" for the development of the mini tonpilz arrays. New 
combinations of ultrasonic and resonance methods appear to offer unique capability for complete 
characterization of ferroelectric piezoelectric materials. 

The mode of presentation of the report emphasis the outstanding progress made in 
published research. It is important to also document that the slower and more painstaking 
development of practical transducer systems in the cymbal and mini tonpilz arrays is progressing 
very favorably. 
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I. .NTRODUCTION 
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hi^h defect concentrations. As a result of *"!J'a"ors
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ectric activity in .OOU-onented relaxor-FT *f^£ 
it is oossible that substrate clamping will have a much less 
ronou^d effect on the thin film *™^^ 

ties  For a well-ooled (OOD-onented rhombohedral crystal 
measured normal'to the face, no driving force exists for non- 
Tso* dornen^all motion as a result of the costal = 

With these considerations in mind, a study ot relaxor PT 

epitaxiai films for MEMS ^^£^£5"^ 
The  composition  Pb(Mgl/3Nb»10?-PbTi03  W0/30)  was 
chosen over the Zn-contaimng phase since the latter contam 
"o volatile atom, spec.es. In single «*****£j£ 

PZN composition is favored because its morphotropic com 
F^N compub pbTiO-; lower PbTiO, concen- position contains only ~y*fDiiw,. iu , mnyllth The 
Lions facilitate more homogeneous crystal growth. The 
ao/30) ratio was chosen because it lies about 3 mole % to 
he rhombohedral side of the morphotropic phase boundary 
where the composition dependence of the electrical proper- 

ties is the least dramatic.   
There are several previous reports concerning the d po- 

slUOn and measurement of PMN and PMN-PT^th.n hhns 
Deposition methods include sol-gel rt *"« ^ ^_ 
Ser deposition, and chemical vapor deposition.      For poly 
crystalline PMN-PT compositions near the morphotropic 
Se boundary, maximum dielectric constant vaU.es near 

^000 with low loss tangents were observed.       Remanent 
polarizations as large as 8 ,*/«.- have been measured for 
morphotropic ,ol-gel derived (OOU-onented matenal.   To 
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TABLE I.  Processing conditions for SrRuO, and PMN-PT epitaxial thin 

films. 

Parameters SrRuO, PMN-PT 

Temperature <SC) 
Atmosphere 
Pressure imTorri 
Laser power imj) 

680 620-700 
10% 0,. 90% 0: 10% 0, 90% O; 
200 100-700 
250 250 

Laser enersv densuv U/cm")    1.5 1.8-2— 
Tar2e,      "' Stoichiometnc 15%-40% excess PbO 

Tarset to substrate distance     7.5 cm 5.5 cm 

the best of the authors' knowledge, the deposition of epitax- 
ial relaxor-PT solid solutions has not been previously re- 
ported. In addition, there have been few conclusive demon- 
strations of true relaxor behavior (i.e., dispersive dielectric 
permittivity below TJ for any thin film PMN-PT composi- 
tion. 

Üio5{- 
@ 
«    F 5!l04k- 

- a h 

1     f iliS 
t s 
'l' 

top 
electrode 

10    20    30   40   50   60    70 
26 (degrees) 

FIG. i. 6-18 diffraction pattern of a PMN-PT thin film containing excess 
PbO.. Peaks indexed with P indicate perovskite PMN-PT. while those in- 
dexed with S denote SrRuO,. 001 indices correspond to substrate reflec- 

II. EXPERIMENTAL PROCEDURE 

PMN-PT (70/30) epitaxial thin films with SrRuO:. bot- 
tom electrodes were prepared on (001) LaA103 substrates 
(Lucent Technologies) by pulsed laser deposition. The spe- 
cific processing conditions for both materials are given in 
Table I. Substrates were heated by fixing them to a stainless 
steel block-style hot stage using silver paint (Demetron). The 
temperatures given refer to readings taken from a tf-rype 
thermocouple "embedded in the heater block. The 10<7<r 03 

atmosphere refers to the undistilled output of a commercially 
available ozone generator I PCD. The laser used was a 
Lambda Physik Compex 102. operating at 248 nm. The 
PMN-PT samples were cooled in an atmosphere of 250 Torr 
oxvgen/ozone mix immediately after deposition. 

' PMN-PT laser targets were fabricated by first processing 
stoichiometric PMN-PT powder of the desired 70/30 ratio; 
the columbite method was followed.13 The desired mass per- 
cent of PbO was added to the PMN-PT powder and ball 
milled in ethanol for 4 h to insure homogeneous distribution. 
Pellets  1 in. in diameter were uniaxially pressed without 
binder. The samples were placed on Pt foil in an alumina 
crucible and covered with a Pb source (a 5:1 mixture of PbO 
and PbZr03 powders), and an alumina lid was placed on top 
(no cement was used). The samples were sintered at 950 °C 
for 1 h. Using this method, less than 1% mass loss occurred 
in the pellet during the temperature cycle. The SrRu03 target 
was purchased from Target Materials Inc. After each depo- 
sition, the targets were resurfaced using SiC abrasive paper. 

Samples were then characterized to determine the phase 
assemblage, the crystalline quality, and the low- and high- 
field electrical properties. Structural analysis was performed 
on a Picker four-circle diffractometer equipped with a Cu 
tareet and a graphite monochromator. Electrical measure- 
ments were made through the film thickness using Pt top 
electrodes 300 ßm in diameter prepared by pulsed laser 
deposition (PLD) through a shadow mask in vacuum. Hys- 
teresis measurements were made using a Radiant Technolo- 
gies RT66A standard ferroelectrics tester. For low tempera- 
ture analysis of the polarization hysteresis, the samples were 

immersed in liquid nitrogen. Dielectric constant and loss val- 
ues were measured with an HP47240 LCR meter as a func- 
tion of temperature (-170oC-200oC) and frequency (1^0 
Hz-100 kHz) at an excitation field of 0.05 kV/cm. High z^ 
low temperature measurements were made using a laboratory 
oven with both refrigerating and heating capabilities. Con- 
tacts to the samples for room temperature measurements 
were made using point probes, while contacts for tempera- 
ture dependent analysis were made by aluminum ultrasonic 
wire bonding. 

III. RESULTS AND DISCUSSION 

A. Structural analysis 

Initially, deposition parameters for PMN-PT were cho- 
sen which afforded growth with reasonable rates.^ smooth 
morphologies, and uniform thicknesses over 0.5 cm" wafers. 
In general, temperatures between 620 °C and 640 °C, pres- 
sures of 200 mTorr, and a target to substrate distance of ~6 
cm were found to be appropriate. Using these conditions, the 
temperature and laser frequency were adjusted so that a film 
rich in lead was grown, i.e.. a mixture of epitaxial perovs!-v:e 
and  polycrystalline PbOx.   Once  these  conditions   were 
achieved, the processing parameters were adjusted to provide 
increased lead volatility during growth. Figure 1 gives a 
8-26 panem for a Pb-rich PMN-PT epitaxial film. In this 
partem, peaks corresponding to both perovskite and PbOx are 
present. In addition to the epitaxial perovskite, a small peak 
corresponding to the (110) orientation is present at 31.5°. 
When large quantities of excess PbOx are present in the 
films, small volumes of nonepitaxial perovskite (.typically 
<1 vol %) were unavoidable. Although not shown in .'.. oi 
the figures, azimuthal scans and rocking curves were taken 
for all the samples discussed. All samples were oriented in 
plane with peak widths between 0.6° and 0.8° in d> and be- 
tween 0.4° and 0.7° in Cü. Representative c6 and w scans are 
given in Fig. 2. 

The next step in structural optimization was to remove 
the excess lead-containing phases and arrive at a globally 
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FIG. 2. Rocking curve and <b scan for typical PMN-PT epitaxial films. 

stoichiometric epitaxial film. To systematically increase the 
sublimation rate of a volatile element during deposition, the 
--st laser parameters to change are laser pulse frequency and 
substrate temperature. Reducing the laser frequency in- 
creases the amount of time between pulses during which sub- 
limation can occur, while increasing the temperature expo- 
nentiallv  increases  the  sublimation rate of the solid 
Adjustments in the thin film Pb stoichiometry may also be 
accomplished bv changing other parameters, i.e.. laser flu- 
ence pressure, and target to substrate distance. These param- 
eters however, are coupled to other aspects of the deposition 
.-ich as instantaneous growth rate, energetic bombardment, 
and phase stabilirv. To avoid these cross-coupled effects, 
when possible, these parameters were fixed. Figure 3 is a 
6--> 6 pattern for a PMN-PT film deposited at a reduced laser 
frequencv ibv ~20*c) in reference to the nlm in Fig. 1. It is 
clear in 'this pattern that the quantity of excess PbO, is re- 
duced: however, before it is completely removed, a signifi- 
cant amount of pyrochlore has evolved. The observed pyro- 
chlore  phase  has   an  x-ray  pattern similar to that  of 

*b,«Nb. -:MB,-OOS39. 
however" many pha$eS y 

Jentical x-Vav signatures and plausible stoichiometnes exist, 
thus an unambiaüous phase assignment is not possible^ This 
coexistence of stoichiometric. Pb-rich. and Pb-deficien 
phases occurs in bulk processing of ceramics as well, and is 

gl06| " 
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••» OMN.PT thin film deposited under 
nr.   T,   u-'n -"-'frecuon pattern ot a PMN-ri "»« r 
FIG. 3.  *--•* -.."-""   v ..„lauiitv compared to that shown in 
conditions favcrng :ncrcased PbO    olat.1«.        P 
Fig.  1. The coexistence of perovskite. Pb",- ^ V. 

strated. 
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FIG 4  ^;ödiffracüonpa«emofaP.\rN-PT[rannlmdeposiKdat700''C 

and"-W mTorr 0,/0:. To the detection limits of x-ray dtfracuon. the 

material is single phase and epitaxial. 

a result of the relatively similar thermodynamic stabilities of 
the perovskite and pyrochlore phases of PMN-PT at the tem- 
peratures of interest.   

From the ceramic processing and single crystal growth 
literature it is known that increased temperature and oxygen 
partial pressures will favor the perovskite phase. •   Thus. 
me deposition pressures and temperatures were raised to 
710 :C and 700 mTorr. and the Pb content was again opn- 
miz-n Figure 4 shows a 6-16 pattern for a structurally op- 
timized film deposited under these conditions. In addition to 
the increased pressure and temperature, the target to sub- 
strate distance was reduced to 3.5 cm.-This was necessary to 
increase the instantaneous deposition rate in order to supply 
enoush Pb to the srowing film. To the detection limits of our 
diffra'ctometer. no pyrochlore or Pb-rich phases are present. 
Intermediate   oxvaen pressures and temperatures  (-400 
mTorr and -680 =C) were also attempted with improved re- 
sult« over the initial case. . 

A mild dependence of the lattice constants on Pb stoichi- 
ometrv was observed (this assumes that the ratio of the other 
elements remained constant with changing laser frequency). 
In samples containing excess quantities of lead, the lattice 
parameter reflected bulk values (4.03 A), while for samples 
showins no excess lead, that is. either phase pure or pyro- 
chlore containina. the lattice constant was consistently re- 
duced bv approximately 0.02 A. A limited number of films 
were deposited using SrTiO, substrates. When used, these 
epitaxial  templates widened the processing window  for 
pnase-pure PMN-PT films. Most likely, the superior lattice 
match improved the stability of the PMN-PT phase. 

B. Electrical property analysis 

Initiallv. phase-pure samples were electrically character- 
ized and were found to have insufficient resistivity for any 
meaningful dielectric analysis to be performed. Since these 
samples showed lattice constants which were slightly smaller 
man what is observed in the bulk, it was assumed that lead 
deficiency was responsible for the high leakage. Thus the 
deposition conditions were modified to reduce the lead den- 
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HG   10   Temperature dependence of the dielectnc constant and dielectric 
Ts o a PMN^T thin film deposed a. D50 -C contatmng exces  PbO    7 
re«to L temperature of the maxtma in the dieiectnc ~00 H. 
"„refers to the extrapolated Curie-Weiss temperature, and C refers 

Curie-Weiss constant. 

Because of the difficulty in reproducing high quality 
samples at elevated temperatures <a result of «*%**£ 
and lead oxide volatility), a target containing 2% Ba doping 
Z introduced. Ba was chosen because of us ability to sta- 
nze the perovskite phase with respect to the associa =d 
SaTdeficiem pyrochlore. The addition of Ba  into   the 
P^N-PT increases the tolerance factor (a calculated quantity 
inaTcauve of the thermodynarnic stability <****<<»£* 
stmcture, of the crystal* For Ba-substituted PMN and FT. a 
d^ease in Tm of approximately 20 °C/mol * has^ be n 
reponed.:T~8 Although it has never not been demonstrated 
for the soecific PMN-PT composition investigated here i«:is 
Selv that the Ba addition will have a similar effect. Indeed, 
repons on the substitution of La and Sr into the morphotro- 
oic composition show very similar transition shifts, i.e.. ap- 
proxSlv M-Ctool*.-'-3 Since Tm for undoped u0/ 
STsinde crystals is 150 «C? with 29c Ba doping, the T 
value would be expected to fall to approximately   110  C 
Figures 10 and 11 give the temperature dependence of the 
dielectric  constant and the polarization hysteresis  for a 
PMN-PT film deposited under the optimized deposiuon con- 

.. i . . i i i i ' ' i ' ' ' ' r 

_ p  = 17 uC/cm: 

E  - 20 kV/cm 

If 

J* 

11 0  F 

Sl04r 

= 103 

~io2t- = :-:   s; 

li^N^'w^^' ^^ 
10    20    30    40    50    60    70 
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cr    -    0.-B diffraction pattern of a PMN-Pt thin film depos.te. .; 

the underlying SrRuO, electrode. 

dition, As is shown in Fig, 10 and 11 the £ ^alu^is 
ll^C and the remanent polarization is \1 pClcm . lius 
ernanent polarization value is about 75* ofthat measured n 

undooed single crystals of the same composition^ Extn, 
lation of the saturation polarization gives the ««=£"■■ - 
1- The temperature dependence of the capacitance in in. 

pSleanc region was fined to Cune-Weiss behav.or using 

6 = {T-T0}' 

.200      -100        0 
Electric Field (kV/cm) 

nG   M. Room .emperature poiananon hysteres.s of a PMN-PT thin film 
deposited at 660 °C containing excess lead. 

A Cune-Weiss constant. C. of 1.5X 10"C *"«£?la~ 
This value is on the same order as other relaxor-PT_ 
loTunons in the vicmity of the morphotropic^position na 
was found to be frequency independent ^Figure 12 gn«a 
6-26 pattern for the higher temperature depo ited matenal. 

A2ain. this sample contains a small amount f™y 
" Upon comparison of the x-ray patterns for the low and 

hisher'temperanire deposited PMN-PT films, onlysub£ drf 
ferences in the structure are observed. In general, for the 
lower temperature deposited samples, the x-ray Une-d* 
are approximately 10«7c greater and peak intensu . -r 
nearly 30% larger. The differences in the electrical p.o -rt> 
«mpLture dependencies of the PMN-PT samples grown* 
627°C and those deposited at or above 660 °C are attributed 

to the sample crystallinity. „„„u-cis in- 
In a very straishrforward manner, the x-ra> analysis in 

dicates that the high temperature grown samples; na%e 
larger   coherent   x-ray   scattering   dimension.   L>in^  ^ 
Williamson-Hall analysis, a dimension  of  ~3W  •   . 
calculated.30 In comparison, with the same tKamv..».J 
scanenng size for the lower temperature depositeo ,..->. 
was found to be -100 A. This analysis gives a sem£^n 
tauve p.cture of the sub-grain structure. Combining tni- 
with the permittivity temperature dependence one tind. 
the smaller scattering regions are accompanied by me 
perature shifted transition, the broadened and more du£_ 
sive dielectric maxima, and the deviation  trom  Cur. 
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Weiss behavior. Interestingly, the 100 A dimension is con- 
sistent with the 100 A diameter ordered regions observed in 
ceramic reiaxors of several compositions. 

The broadened x-ray reflections in the lower temperature 
deposited sample are produced by two factors: (i) larger 
var.uions in interplanar spacings in the crystal and (ii) a 
mo>aic subgrain structure. The more pronounced mosaic 
structure o: the lower temperature deposited sample would 
result in greater concentrations of dislocations which occur 
at the interfaces of the slightly misoriented subgrains. ' The 
hisher defect concentrations are believed to interrupt the 
long-range order of the lattice, and to produce electrical be- 
havior more consistent with that of relaxor ferroelectrics. It is 
likelv that if deposition temperatures could be further in- 
crevied. or if a better lattice matched substrate/electrode/film 
system were used, electrical properties more similar to those 
of single crystals could be realized. 

The optimized samples deposited at temperatures greater 
than 660 :C still contained lead-rich second phases, which, if 
removed, would be expected to further improve the film 
properties. In particular, the presence of a low K second 
phase may be responsible for the comparatively low dielec- 
tric constant values observed (approximately a factor of 2 
>r aller than expected). Samples with excess lead oxide in 
tr.s x-ray patterns were etched for 5 min in concentrated 
acetic acid in an attempt to remove PbO, from the film sur- 
face. Poster,; hing x-ray analysis revealed no changes in the 
structure or phase assemblage. It was thus concluded that the 
excess lead oxide does not reside principally on the film 
surface. This information, coupled with the high film resis- 
tivities, suggests that the excess lead oxide must exist as a 
noncontiguous second phase. 

Ex situ annealing was also performed in an attempt to 
improve the film properties. Three specific experiments were 
performed: ' i) annealing of a lead-rich film in air. (ii) anneal- 
ing of a Pb-rich film in the presence of a Pb-compensated 
atmosphere, and (iii) annealing a phase-pure film in a Pb- 
compensated atmosphere. The Pb-compensated atmosphere 
was provided by a loosely covered crucible partially filled 
with a PbO-PbZr03 powder, into which the sample was 
placed. The samples were introduced and removed from a 
■reheated tube furnace to minimize the amount of time spent 
at high temperatures. 

A film similar in structure to that shown in Fig. 1 (i.e.. 
containing excess Pb) was introduced to the 750 °C furnace 
in a closed, empty crucible for 30 min. X-ray analysis of the 
crystal after annealing indicated that Pb0.t was still present 
in'the film, in addition to a newly formed pyrochlore. This 
situation is analogous to the phase development observed 
durins srowth at 200 mTorr oxygen/ozone pressure: under 
:-:ese~cöncitions as well, three phases can exist simulta- 

neouslv. perovskite. pyrochlore. and PbOx. Following this 
result, no other samples were annealed in a non-Pb atmo- 
sphere. In the postanneal x-ray pattern, a peak corresponding 
to Pb*Ru-0,s appeared and was attributed to reaction with 
the bottom electrode. For this reason, the annealing tempera- 
tures were dropped to 650 °C 
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FIG. 13. <*-Z$ pattern of a PMN-PT thin film containing excess lead before 
and after a ."0 min anneal in a lead-compensated atmosphere. 

The next experiment involved annealing films in a Pb- 
rich environment. In the previously described crucible sys- 
tem, three volatile components existed, perovskite. the Pb 
source, and PbOt (listed in order of expected decreasing sta- 
bility at high temperatures). During the anneal, ideally, the 
most volatile component, the PbOT. would evaporate ini- 
tially, leaving the remaining Pb source and phase-pure per- 
ovskite behind. A film synthesized with a large amount of 
excess lead was heat treated in this fashion: the result is 
shown in Fig. 13. an x-ray diffraction pattern of the film 
before and after heat treatment. This sample contains some 
(110>-oriented material as a result of the large initial amount 
of excess Pb0.t. After annealing, it is apparent that much of 
the PbO- has sublimed without the formation of pyrochlore. 
At 2 9= 35.1°. however, a Pb:Ru:0<,.? 400 reflection is again 
observed.   Several  samples  containing  slightly   different 
amounts of excess Pb were annealed in this manner and char- 
acterized. Structurally, the PMN-PT x-ray patterns were un- 
chansed with annealing: however, the amount of reacted 
Pb;Ru;0*.5 was directly related to the amount of excess lead 
oxide prior to heat treatment. Annealed films with the small- 
est amounts of Pb:Ru:06.5 showed resistivities increased by 
as much as a factor of 100. and slight increases of the per- 
mittivity.  Polarization hysteresis measurements, however, 
gave misshapen hysteresis loops which may be associated 
with the newly formed ruthenate. 

The annealing experiments indicate that, in the presence 
of a lead source with a stability between that of perovskite 
and PbO.. excess Pb can be extracted without the formation 
of a pyrochlore type phase. In the present case, the inability 
to do so completely was a result of reaction between the 
SrRuO;. bottom electrode and Pb. Quite possibly, with a 
more stable electrode, phase-pure perovskite films with good 
electrical properties can be achieved. Pt and LaNi03 are pos- 
sible choices. 

Finally, those films deposited at temperature and pres- 
sure combinations high enough to promote phase-pure per- 
ovskite growth were annealed in a lead-rich atmosphere. X- 
ray analysis of the annealed films indicated no appreciable 
differences in film structure, and electrical property measure- 
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ments revealed that the resistivities remained unacceptably 
low. It appears that, under the annealing conditions exam- 
ined, sufficient amounts of lead could not be driven into the 
films for improved electrical properties to be observed. 

IV. CONCLUSIONS 

To die authors' knowledge, this is the first report of ep- 
itaxial    films   of   the   relaxor-PbTiO,    solid    solution 
Pb(MgI/?NW,0?-PbTiO:   (70/30)   deposited   by   PLD. 
Avoiding the occurrence of the pyrochlore phase was found 
to be very difficult, and was only possible in a narrow pro- 
cessing window. In general, the trends observed in ceramic 
processing' of PMN-PT were analogous to those observed in 
this study" In one PMN-PT film, it was possible to simulta- 
neously observe perovskite. pyrochlore. and. PbO.. As in 
bulk processing work, higher temperatures and oxygen pres- 
sures favored the perovskite phase. The epitaxial effect of the 
LaAlO-, substrate during growth was insufficient to avoid 
pyrochiore. Phase-pure material could be deposited at tem- 
peratures in excess of 700 CC and oxygen pressures ap- 
proaching 1 Torr, however, electrically, these samples were 
typified by unacceptably low resistivities. In general, films 
with excess PbO, showed good electrical properties (large 
resistivities  and  low  loss  tangent  values).   Electrically. 
samples deposited at temperatures near 620 °C resembled re- 
laxors in the vicinity of Tm: the Tm value of these samples 
was found to be decreased by ~ 100 °C. This behavior was 
attributed to high defect densities. When the deposition tem- 
peratures were increased to 660 °C or higher, electrical prop- 
erties more similar to those of bulk single crystals were ob- 
served. X-ray analysis of these films confirmed improved 
crystallinity. In samples deposited in the lower temperature 
regime, true relaxor behavior was observed, i.e.. a frequency 
dependent permittivity and loss tangent in the ferroelectric 
resion. and converging values in the paraelectric state. Post- 
deposition annealing in a Pb-rich atmosphere was attempted 
in order to produce phase-pure films. This annealing strategy 
was found to be effective in removing excess Pb without 
nucleation of pyrochlore: however complete removal was 
limited by an unavoidable reaction of Pb with the SrRuO? 

bottom electrode. 
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Abstract 

This paper describes a simple and inexpensive method for evaluating the transverse piezoelectric coefficient (i3I) of piezoelectric thin 
films. The technique is based upon the flexure of a coated substrate which imparts an ac two-dimensional stress to the piezoelectric film. The 
surface charge generated via the mechanical loading is converted to a voltage by an active integrator. Plate theory and elastic stress analyses 
are used to calculate the principal stresses applied to the film. The <i3! coefficient can then be determined from knowledge of the electric 
charge produced and the calculated mechanical stress. For 52/48 sol-gel lead zirconate titanate (PZT) thin films, the </31 coefficient was 
found to range from — 5 to - 59 pC/N and is dependent on poling field. S 1998 Elsevier Science S.A. All rights reserved. 

Keywords: Transverse piezoelectric coefficient: Thin films; PZT 

1. Introduction 

The design and development of novel microelectrome- 
chanical systems (MEMS) which utilize piezoelectric thin 
films [1,2] require explicit knowledge of the material's lon- 
gitudinal (<f33) and transverse (d3l ord32) piezoelectric coef- 
ficients. When prepared in bulk ceramic form, piezoelectric 
coefficients are characterized by numerous methods, the most 
common of which are resonance and dynamic load techniques 
(Belincourt meter). Those techniques, however, are inade- 
quate for the piezoelectric characterization of thin film mate- 
rials and for that reason a number of alternative techniques 
(e.g., laser beam interferometry and normal load methods) 
have been proposed [3,4]. 

Laser interferometers are the most well-establishedmethod 
for the characterization of both the longitudinal and trans- 
verse piezoelectric coefficients of piezoelectric thin films 
[33-7]. Interferometers can be configured as either single- 
or double beam setups and are based upon the interference of 
monochromatic laser light in response to a piezoelectrically- 
induced strain (which results in a change of the optical path 
length). The wavelength of the laser and the intensity of the 
interference signal produced are input to a simple mathemat- 
ical model from which the electric-field induced strains are 
determined. The ultimate resolution of interferornetric tech- 
nique^) is limited by extraneous displacements (e.g., sam- 

* Corresponding author. Tel.: + l-814-865-9931;Fax: +1-814-865-2326. 

pie flexure, thermal drift) and environmental noise (electrical 
and mechanical) to 10"a A for the best double-beam instru- 
ments [3] and 10~s A for certain single beam instruments 
[7]. This method requires careful optical alignment, metic- 
ulous operation, and in the case of a d3l measurement, appro- 
priate sample preparation (cantilever beam construction). 

There are alternatives to interferometric characterization 
and reports have been published on a number of designs 
which utilize the direct piezoelectric effect. The normal load 
method, as was described in the work of Lefki and Dormans 
[4], is analogous to the common Belincourt meter; however, 
the measured d33 values (400 pC/N for undoped sol-gel PZT 
with compositions near the morphotropic phase boundary) 
appear improbable in light of the limited twin wall motion in 
PZT thin films [8,9]. Transverse piezoelectric characteriza- 
tion (<f31) has also been attempted [ 10] and work was based 
upon the controlled bending of a small cantilever beam. Rea- 
sonable d3x values were obtained [11]; however, the neces- 
sary construction of cantilever test samples is a drawback to 
the technique. 

The wafer flexure technique described in this paper is an 
alternative method for the characterization of the transverse 
piezoelectric coefficient (d3l) which eliminates a number of 
the complexities associated with other designs. Experiments 
conducted have produced d3l values comparable to those 
measured with more established methods (e.g., interfero- 
metric) . However, the speed with which the measurement is 

0924-i247/98/$ - see from matter S 1998 Elsevier Science S.A. All rights reserved. 
W/S0924-4247(98)00161-7 
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made, the relative cost of the hardware, and the utilization of 
complete silicon substrates makes the wafer flexure technique 
an attractive alternative for the d2l characterization of thin 
films. 

2. Principle of operation 

The wafer flexure technique for measuring d31 is based 
upon the direct piezoelectric effect The controlled bending 
of a PZT coated substrate imposes a planar two-dimensional 
mechanical stress upon the film. The strained film responds 
by developing a surface charge which is monitored electron- 
ically. The principle stresses applied to the film are then 
calculated using small deflection plate theory [12] and the 
piezoelectric coefficient is determined as 

PlEZOBJECTRC 
CHARGE OUTPUT 

Z?3-i3i(0-1+0-2) (1) 

where d3l is the transverse piezoelectric coefficient (C/N), 
D3 is the induced dielectric displacement (C/m2), and crx 

and o% are the principal stresses applied to the film (N/nr). 

3. Experimental design 

The wafer flexure apparatus consists of three discrete com- 
ponents (see Fig. 1): (1) the uniform pressure rig, (2) the 
charge integrator, and (3) the peripheral electronics. Each of 
these components will be described in the subsections which 
follow. 

3.1. Uniform pressure rig 

The uniform pressure rig consists of two aluminum parts, 
the housing and the retention ring, between which is placed 
a 3 in. (76.2 mm) test wafer. The innerradius of both portions 
measures 1.25 in. (31.75 mm) and at points of contact with 
the sample, the aluminum has been polished to 5 urn rough- 
ness (to improve the pressure seal and to reduce the risk of 
substrate fracture). The pneumatic pressure in the cavity 
behind the wafer is oscillated periodically with a 60 cm3 

plastic syringe. Pressure changes are monitored with a pie- 
zoresistive pressure transducer (Omega PX236,30 psig full 
scale) excited and monitored with an EG&G 7260 lock-in 
amplifier. Fig. 2 shows a blown-up schematic of the design. 

3.2. Charge integrator 

The charge integrator used to monitor the change in the 
film's dielectric displacement as a function of mechanical 
stress is shown in Fig. 3. Charge from the piezoelectric film 
is directed to an operational amplifier integrator. The input to 
this circuit is a virtual ground so the film is held in a zero 
field state (to within a few millivolts). Charge is collected 
on a polypropylene internal reference capacitor which pro- 
vides good temperature stability and low dielectric absorp- 

ELECTRC CHARGE 

INTEGRATOR 

Two-CHANwa 
OSCIUOSCOPS 

Hg. 1. Experimental setup. 
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Fig. 3. Electric charge integrator. 

tion. Since the op amp integrator circuit is in an inverting 
configuration, a second op amp is used to invert the output 
voltage from the first op amp. The output from the device is 
then reported as a voltage which is proportional to the amount 
of charge collected on the reference capacitor. 

3.3. Peripheral electronics 

The pressure transducer used in our experiments is con- 
structed in a Wheatstone bridge configuration where the out- 
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put voltage across the bridge is proportional to the change in 
pressure within the rig housing. Electromagnetic noise was 
minimized by using a lock-in technique to both excite the 
bridge and monitor the change in the output signal. Signals 
from both the lock-in amplifier and the charge integratorwere 
input to a Hewlett-Packard 54600 oscilloscope and the two 
traces produced were used to calculate (1) the piezoelectric 
charge created and (2) the change in mechanical load. 

4. Stress analysis and the calculation of d31 

The determination of the film's transverse piezoelectric 
coefficient requires knowledge of the mechanical stress 
applied to the film. Small deflection plate theory was used 
together with the pressure applied to the wafer, the support 
radius, the substrate thickness, and the test capacitor location 
to calculate the principle stresses at a specific location on the 
silicon substrate. The bending stresses which result from a 
uniform pressure on a clamped circular plate are [ 12]: 

o-,= 
4r3 i(.l+v)a2-(3+v)rz] 

o-^^[(l+v)a--{l+^)r2} 

(2) 

(3) 

where cr, and <rt are the radial and tangential stresses on the 
plate, c is the distance from the neutral axis, t is the plate 
thickness, v is Poisson's ratio, a is the support radius, and r 
is the distance from the center of the plate. 

Because the mechanical properties of the silicon substrate 
and the piezoelectric films differ, wafer stresses calculated 
from plate theory must be corrected to determine film stress. 
The assumption was made that all strain applied to the sub- 
strate was transferred to the film. Knowing the stresses 
applied to the substrate (Eqs. (2) and (3)), the strains are 
calculated via generalized Hooke's law as: 

^-Si 

'VS'lt 
.Si 

iSi 
■"Si" 

erf 

(4) 

(5) 

where erf' is applied stress in the 1 direction (1 and 2 are the 
principal in-plane directions corresponding to the tangential 
or radial orientation), £,Si is the strain in the 1 direction, vSi 

is the Poisson's ratio of the silicon, and £Si is Young's mod- 
ulus of the silicon. Because of the conservation of strain, 
Hooke' s law may be written in a similar manner for the PZT 
film where: 

_PZT cr-. 
yrzT, 

•PZT 'PZT 

_PZT _PZT 

e\x' = - «'PZTT— 
•*" PZT •c PZT 

(6) 

(7) 

The equations for cr, rzT and <r,PCT can be derived explicitly 
prT=£,Si and s,?zr- s2

si which yields by setting s, 

<rfZT=*,Si£ 

and 

1   •cpZT'''I/PZTcr; 

CT?Zr = 
(1-VPZT) 

(«I' + ^PZT*«5') 

(8) 

(9) 

The expansion of Eq. (9) yields a more fundamental form 
of the equation written in terms of the elastic properties of 
the silicon and the elastic properties of the PZT film where: 

Epzr ~PZT_ . 

(l-vpz-r) •[f^PZT-^ 
£si '] 

(10) 

The expressions derived are appropriate for small deflec- 
tions of a coated wafer if the ratio of the PZT film thickness 
to the silicon substrate thickness is small. For the case of a 
PZT film on a silicon substrate, the thickness ratios are much 
less than 1 % and deformation of the composite wafer will be 
governed by the elastic properties of the silicon substrate. 
Furthermore, because small deflection plate theory is used, 
the maximum deflection of the coated wafer may not exceed 
20% of the thickness of the plate [12,13]. For deflections 
beyond that point, membrane (i.e., stretching) stresses are 
no longer negligible and use of the small deflection equations 
would result in significant error. 

5. Numerical considerations 

5.1. Elastic modulus of PZT Film 

Eqs. (9) and (10) show that the stress on the film is 
dependent upon both the elastic properties of the silicon and 
the PZT. Inaccuracies in those quantities will carry through 
the stress analysis and to the subsequent d3l calculation. It is 
important to note that although the mechanical properties of 
silicon are well characterized [14,15] the properties of thin 
film PZT are not. That observation is important because at 
present all methods (converse [3], direct [10], or values 
derived from low-field measurements [ 16]) for the deter- 
mination of the transverse piezoelectric coefficient require 
explicit knowledge of the material's elastic moduli. Published 
values have ranged from 37 [17] to 400 GPa [2] and it 
should therefore be noted that the disparities among d31 values 
reported in the literature could result from the different elastic 
moduli used in their calculation. The Young's modulus used 
in this investigation was taken as 101 GPa [18] and was 
selected in order to yield a lower limit for the d3l coefficient 
(i.e., calculated stress increases and d3l decreases). 

5.2. Anisotropy of the silicon substrate 

The anisotropy of the silicon substrate can complicate the 
calculation of applied stress, however, strain gauge measure- 
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Table 1 
Elastic properties used in the elastic stress analysis 

Material Young's modulus (GPa)   Poisson' s ratio 

{100} Silicon substrate [ 14]    150 
PZT thin dim [ 18] 101 

0.172 
0.3 

ments along the <100> and <110> directions of a bare wafer 
showed no significant difference in the mechanical response 
[ 19]. That result suggests that the elastic properties which 
govern deformation of the substrate can be represented with 
single values of Poisson's ratio and Young's modulus. A 
comparison of the experimental and theoretical strains (as 
calculated from plate theory) gave the best agreement when 
the average of the mavirnum and minimum in-plane elastic 
constants"( the < 100> and < 110) directions) were used in the 
calculation. For that reason the silicon was treated as an 
isotropic plate and the averages of both the Young's modulus 
and Poisson's ratio were used in the <f31 calculations presented 
here. Table 1 summarizes the mechanical properties of both 
the silicon substrate and the PZT film. 

6. Preliminary results 

Initial characterization experiments were conducted with 
lead zirconate titanate (PZT) thin films. The films used were 
synthesized on 3-in. platinized silicon substrates using a con- 
ventional sol-gel procedure [20]. Solutions with 52/48 com- 
positions (zirconium to titanium ratio) were diluted to 0.5 M 
concentrations and spin coated at 3000 rpm for 30 s. Individ- 
ual PZT layers were pyrolyzed at 300°C and amorphous films 
were rapid* thermal annealed at 650°C for 60 s in air. The 
thickness of films measured were on the order of 0.4 am. 

6.1. Strength of poling field 

Table 2 shows the variation of d3l with the magnitude of 
the applied poling field for two samples at different locations 
on the same wafer. Results were obtained within 5 min after 
poling the sample for less than 1 min and suggest that above 
the coercive field (typically about 50-60 kV/cm for these 
52/48 sol-gel films) the d2l value is independent of field 

strength- 

Table 2 
du coefficients as a function of poling field 

Poling field fkV/cm) dn (pC/N) 

Sample 1 

50 
100 
150 
200 
250 

-7 
-15 
-16 
-16 

03 

-5 
-13 
-14 
-15 
-13 

O 
Q. 

—t— Too electrofle positive 
-.— Too »Isctroa» negative f~ 

j 
"0     200   400   600   800 1000 1200 1400 1600 

Poling Time (min.) 
Fig. 4. The variation of <f3, with poling time for an applied field of 

150 kV/cm. 

6.2. Poling time 

The effect of poling time at 150 kV/cm on the measured 
d3, value of a 52/48 sol-gel PZT film is presented in Fig. 4. 
The data indicate a rapid increase of the piezoelectric coef- 
ficient for increased poling times from 1 to 20 min. For expo- 
sure times greater than 20 min the rate of change of d3l slows. 
The maximum value achieved was -59 pC/N for a poling 
time of ~ 21 h with the top electrode as the positive terminal. 
Data are also included in the plot tor the same sample poled 
in the opposite direction. The treads reported are similar for 
both poling scenarios and indicate that the magnitude of the 
d-xi coefficient is independent of the direction of the poling 
field for long poling times.  • 

6.3. Amplitude of applied stress 

The transverse coefficient was also measured as a function 
of the amplitude of the applied mechanical stress from ~ 10 
to - 50 MPa (sum of the principal stresses) for a sample 
poled with an electric field of -r 150 kV/cm for less than 
1 min. In a bulk ceramic, the increase of applied stress would 
be expected to result in the reorientation of non-1800 domain 
walls, which would change the d2] coefficient from its orig- 
inal value. Prior experiments on die relation between stress 
and low-field dielectric response have indicated, however, 
that ferroelastic domain reorientation is negligible [8,9] in 
these films and, as a result, the piezoelectric coefficients 
should remain constant That was in fact the case, and the 
results from the two experiments conducted (given in Fig. 
5) serve to further illustrate: (1) the limited twin wall motion 
in sol-gel films, and (2) the validity of the wafer flexure 
technique.1 

Sample 2 6.4. Variation ofd3, over the surface of a 3 in. wafer 

The d3l coefficient was monitored as a function of position 
over the surface of a coated wafer. This was done to evaluate 

1 It should be noted that Fig. 5 is expressed as a function of the amplitude 
of the applied air pressure and not the biaxial stress applied to the PZT film. 
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Table 3 
d3, coefficients as a function of radial location on the surface of a wafer 

Radius (mm) dn (pC/N) /*r(ave.) (u.C/cnr) [2] 

2.4 -43 24 [3] 
11.3 -40 21 
11.3 -40 20 
14.0 -44 20 [4] 
16.4 -40 23 
17.6 -46 21 [5] 
19.5 -36 22 

the consistency of the stress analysis for the wafer flexure 
technique. Different test capacitors on the surface of a 3 in. 
wafer were poled with +10 V for 10 min and allowed to 
stabilize for 10 mm after removal of the poling field. Data 
collected were then correlated to the average remanent polar- 
ization (calculated from +/>

rand -Pr) for each capacitor 
tested. Results are given in Table 3 as a function of distance 
from the center of the wafer. From the data it is apparent that 
measured d3l values are independent of surface location. 

7. Comments on the wafer flexure technique 

The wafer flexure technique described is amenable to the 
rapid characterization of the transverse piezoelectric coeffi- 
cient (<tf3,) of PZT thin film materials. Empirical results are 
in good agreement with other published values. In particular 
this method results in a significant reduction of cost, com- 
plexity, and the time needed to make d3l measurements. Fur- 
thermore, samples used are uncut silicon substrates, which 
eliminates the need to fashion millimeter-sized cantilever 
beams or diaphragms. A drawback to the uniform pressure 
method is its reliance on mathematical models which, to yield 
correct results, require explicit knowledge of the dimensions 
of the substrate, support housing, and test capacitor location. 
These factors, when coupled with the lack of data on the 
Young's modulus and Poisson's ratio for PZT thin films, limit 
the accuracy with which the transverse piezoelectric coeffi- 
cient might be characterized. Additional details on calibration 

of this technique will be reported in a forthcoming paper 
[19]. 
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,m force necroscopy (AFM) has been used for £ «^ S^M 

of lead senate titanate i^/^^^^^T^ to polarize the film and to 
up was used, in the contact mode, as a top elec.oüe „o app^ 5 frQm ^ inverse 

applv an oscillating field to obtain V^^.CM^^^^T^«t^ was measured 
p^oelectric effect induced on the film. ^/^^d^SSSp The piezoelectric coefficient 
L a function of stress by changing the apphedo.ee *«**££   P ^ found that 

was found to decrease monotomcally as the s..e,s ^ inCre^electric coe£cient approximately 

as the stress was decreased to its r^^.^^^^wd *« non-180° d°m!ÜnS 

followed the same trace on increasing the sire«.   ^"^^ levels a0Dlied and that the 
did not contribute to the measured piezoelectric coem.ent«,^thes 
mobilitv of ferroeiastic domain walls is very low tor tnese PZT films. 

I. INTRODUCTION 

The research on ferroelectric thin films receives sub- 
stantial support from industries which hope to exploit 
them in applications in diverse areas such as computer 
memories [1]. phones '21 and electromechanical devices 
fy Ferroelectric films are interesting per se. since their 
behavior is not completely understood and their proper- 
ties »iveii their sub-micron thickness, are size dependent 
f4: A.n understanding of the size-dependence of ferro- 
electric materials may result in the improvement of their 
properties to be similar to the bulk ferroelectncs. 

The present work study the characterization of lead 
zirconate titanate (PZT) films by the AFM PZT was 
chosen as the focus of study since this material has been 
one of the most studied in the ferroelectric field. It has 
reellem ferroelectric properties and those properties can 
be controlled by changing the ratio of composition oe- 
tween lead titanate and lead zirconate. 

II. EXPERIMENTAL PROCEDURES 

Lead zirconate titanate. Pb(Zr0.s2Tio.48)p3 lPZTl; 
sim, were prepared by using a modified p\ version o: 
;te sol-gel process described by Budd, Dey. and Payne 

" The AFM svstem was supplemented by an EG«i:G 
PARC 5301 lock-in amplifier, a Hewlett Packard PM16A 
pulse/function generator, a Mitsubishi 3S6 microproces- 

sor computer, and a Hewlett Packard 54510A digitizing 
oscilloscope to perform piezoelectric measurements ;=ee 
Fig. 1).   Grounded silicon tips (with a spring constant 

■wir.HJ.111111,1!   c j 

Fi<r l The AFM svstem was supplemented by ^"^ 
ampler, a pulse/function generator, a ^«"J^e»* 
irizing oscilloscope to perform piezoelectric rneasu      ^ ltizing oscuiohtuH': <-"  -■  r—-       . „,:fier is 
The internal reference signal of the lock-in ampM*1 

as ac signal and is applied to the substrate. 
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of 50 N.'m' were used. The tip was brought into feed- 
back position in the contact mode. The position of the 
reflected be air. on the cantilever surface was detected by 
a four-segment detector. The signal fl-2}-(3-t-4) which 
detected ar.v vertical movement, was taken to the lock- 
in amplifier". The amplifier internal signal reference (at 
5 kHz) was aoDlied to the bottom electrode of the film 
through a transformer to drive mechanical movements 
(i.e.. from oiezoelectric response; on the film. The sig- 
nal applied'to the bottom electrode from the transformer 
was 0.5 Vrms. The frequency (5 kHz; was fast enough 
not to interfere with the feedback loop and smaller than 
the resonance frequency of the cantilever. To polarize 
the film, a signal either from the function generator or a 
dc power sutsoiy was applied to the bottom electrode. 

A piezoelectric loop was obtained in a computer con- 
trolled experiment. The computer controlled the magni- 
tude of a steo voltage signal produced by the generator 
(see Fig. V. This signal was applied to polarize the film. 
The masmtude was changed in each cycle by two volts 
from -16" V :o -16 V and from -16 V to -16 V. In each 
step when the voltage was zero, the computer saved the 
magnitude and ohase of the piezoelectric response. The 
results were plotted in a ferroelectric-loop style curve. 

The area of interaction between the tip and the film 
was assessed bv sensing the piezoelectric behavior as a 
function of distance from the polarization point. After 
applvine the ooianzation voltage, the piezoelectric re- 
sponse was measured at different distances from the po- 
larization ocint. . 

The effect of stress was determinec by changing the 
force aoDiiec bv the silicon tip on the surface. The tip 
was brought into the contact mode and a dc voltage was 
aDDiied to polarize the area. Then an ac signal was ap- 
plied to drive mechanical movement; of the film. As the 
piezoelectric response was measured, the force applied to 
the film bv the tiD was changed from 15 to 2S.5X10" N. 
In addition, the piezoelectric response was measured as 
the force was decreased to its original value. 

III. RESULTS AND DISCUSSION 

In the Pxopriment. the AFM tip was used as a top elec- 
trode. The film was positively and negatively polarized 
in different rezions. When the ac signal was applied, the 
tip oscillated following the change in film thickness. In 
a positiv*» polarization region, the positive part of the ac 
signal increased the thickness, so the detected signal was 
in phase with the ac signal. In a negatively polarized 
region the oositive part of the ac signal decreased the 
thickness, so the detected signal was ISO0 out of phase 
with respect -o the ac signal. 

The piezoeiertric response was measured for different 
polarization voltages (see Fig. 2). For each measurement, 
the pieZOe'.e,-tric constant (d) was set to be negative when 
the phase obtained was 130° and positive when the phase 
obtained was fr. indicating the mam orientation of the 
domains.    The resulting curve had all the features of 

Zirconate Tirana«! ... - G. ZAVALA n «. 
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Fig •■> P;ezoelectric loop taken by measuring the vibration 
of the tiD at a frequency of an applied ac signal. The loop 
was taken at least three times to obtain the average value 
with error bars. 

a hv«-er*" loop: d-values came to a saturation point 
arou-d 13 V and the coercive voltage (Vc) was around 
3-4 V T>* difference between the present measurements 
and - =i~:iar loop obtained elsewhere [7] was that the 
nre-e-t Icoo was taken with no dc voltage applied. It 
is imocraht to point out that ail piezoelectric measure- 
ment using the AFM tip were taken with just the ac 
signal aDDiied. A dc voltage was applied to polarize the 
film but":: was reduced to zero for each piezoelectric mea- 
surement Therefore, the actual remanent piezoelectric- 
ity- was measured since this experiment did not have any 
additional interactions produced by a dc field, such as an 
additional stress [8]. 
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Piezoelectric response as a function of distance from 
the point of polarization. Note that d increases to a maximum 
and then decreases to zero. 
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Fig. 4- Piezoelectric response change with force applied by 
the tip. As the force is increased, d decreases monotonically. 
As the force is decreased back, d increases approximately the 
same wav it decreased. 

The size of the interaction area accessed by the AFM 
tip was established* by determining the piezoelectric con- 
stant as a function of distance from the polarization point 
(see Fig. 3). The area of interaction was found to have a 
radius of around 250 nm. This area can be related either 
to the effective tip radius or to the film thickness {9}. An 
interesting behavior in Fig. 3 was that the d-value first in- 
creased and then decreased to zero as the tip was moved 
away from the poling position. This behavior could be re- 
lated to stress. At the point of polarization, where the dc 
voltage was applied, the stress exerted was greater than 
that on areas nearby where the contact was made just 
for the measurement of the piezoelectric response. This 
greater stress was due to the applied additional stress on 
the film produced by the dc voltage [8]. 

In order to investigate the role of stress in the piezo- 
electric response, the effective piezoelectric coefficient d 
was measured at different values of the contact force. A 
silicon tip was used to perform these measurements. The 
tip was brought to the contact mode and -16 volts was 
applied to polarize the film. Once the film was polarized, 
the piezoelectric response was measured. The AFM sys- 
tem has the capability to change the force applied with 
the tip to the surface. 

Measuring d for different forces and plotting all the 
results in one graph. Fig. 4 was obtained. The data in 
Fig. 4 show a monotonic decrease in the measured d- 
values with increasing stress over the range measured. It 
was found that increasing the constant force from 4 N to 
28 N leads to an approximately 60% drop in the measured 
effective d value. 

It is interesting to compare these data to similar work 
on bulk ceramics exposed to uniaxial stresses. To do so, 
as a first approximation it was assumed that the contact 
force was applied over an area of ~400 - 500 nm in diam- 
eter (see Fig. 3), and that the loading could be treated 

as roughly uniaxial. The resulting compressive stress for 
the higher contact force is thus ~140 - 220 MPa. The 
film was also assumed to behave much like a hard PZT 
ceramic, as it is undoped. Many publication« on the 
stress dependence of piezoelectric properties have been 
reported; the work of Zhang et al. [10], was chosen here 
for comparison. These authors report that for hard PZT 
compositions the d-value initially increases as uniaxial 
pressure is applied, it then goes through a maximum. 
and subsequently decreases for stress levels of 150 MPa. 
The enhanced d observed at modest stress levels was at- 
tributed to deaging the ceramic sample, so that non-180= 

domain walls were freed to contribute to the observed re- 
sponse. The fact that this was not observed in the thin 
undoped PZT films measured in this study implies that 
it was not possible to engender appreciable non-ISO0 do- 
main wall motion for the stress levels applied. The ob- 
served decrease in the piezoelectric response of the ma- 
terial under load could then be attributed to either a 
shift in the morphotropic phase boundary composition 
with stress or to clamping of the response by the applied 
stress. 

Another interesting point apparent in Fig. 4 is that on 
decreasing the load, the effective piezoelectric coefficient 
of the films approximately retraces the curve measured 
on increasing load. In soft PZT ceramics loaded parallel 
to the poling direction, there is appreciable hysteresis in 
the piezoelectric coefficients on unloading after applica- 
tion of a large uniaxial stress due to domain reorientation 
10.11]. That is, domains which were originally parallel to 

the applied load can be reoriented ferroelasticaiiy under 
stress. On removing the stress, there is little driving force 
to restore these domains to their original configuration. 
As a result of the decrease in the remanent polarization, 
the measured d value also decreases hysteretically. Hard 
PZT ceramics show less ferroelastic depoling and hys- 
teresis, since the local defect dipoles act to stabilize the 
domain structure. In this work, even accounting for the 
approximations inherent in the stress calculations for the 
AFM measurements on films, the observed non-hysteretic 
film response measured here strongly suggests that twin 
walls are immobile in these films. This is in agreement 
with measurements made on similar sol-gel PZT films 
exposed to large in-plane biaxial stresses [12]. It is also 
interesting that a decrease in the twin wall mobility is 
observed in bulk PZT ceramics as the grain size is re- 
duced below 1 pm [13.14]. Thus, in the thin films, where 
the grain size is typically under 0.1 ^m, it is not surpris- 
ing that low domain wall mobilities are observed. In any 
event, it is clear that in order to measure the effective d 
coefficient of films using the AFM, it is preferable to use 
minimal loading conditions. This is consistent with the 
observation of Gruverman et a/. [15], that piezoelectric 
coefficients measured by AFM should be performed at 
low loads. 

IV. CONCLUSION 

The piezoelectric coefficient of ferroelectric films was 
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measured by the AFM tip. Piezoelectric loops provided 
information on saturation voltages and coercive voltages 
which agreed well with values measured in the macro- 
scopic scale. 

The areas of piezoelectric interaction were measured in 
this study. These areas, related to the size of the tip and 
the thickness of the film, were in the submicron range. 

A study of piezoelectric coefficient as a function of ap- 
plied stress was performed. The piezoelectric coefficient 
decreased monotonically as the stress was increased. As 
the stress was decreased, the piezoelectric coefficient did 
not show hysteresis. Therefore, the following conclusions 
can be inferred from these results: 

It was proven in the present work that piezoelec- 
tric measurements can be performed by AFM on nan- 
odomains and piezoelectric measurements by AFM 
should be performed at low loads. 

It was also shown that non-1800 domain walls do not 
contribute appreciably to the measured piezoelectric re- 
sponse at any level of applied stress and that the mobility 
of the domain walls is low. 
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„     • •   i  «,«*.i mm ^PhTiO, (PT) thin films. 5 to 300 nm in thickness, were epitaxially 
JrS^ÄX^Ä 1.T degr.ee by rf-pianar -=™ ^ 
surface of the miscut substrates comprised periodic striped *™™ ™^"T **Zs 
terraces; the step height was 0.4 nm and terrace ™^ *" " ""^^terrace width was 
also comprised periodic striped patterns: the step heignt was 1 to 3 nm andI the^HT 

Epitaxial growth on miscut substrate is essential to taoricate perovsKite 
microstructure. 

I. INTRODUCTION 

Thin   films   of  perovskite   ceramics   (AB03)   have 
been extensively studied, since compound perovskite. 
(Al.A2)(Bl,B2)b3! shows a series of interesting and use- 
ful properties associated with the structural system [1]. 
Several deposition processes have been used for the de- 
position of perovskite ceramics including thermal evap- 
oration, sputtering, laser ablation, and chemical vapour 
deposition. Among these deposition processes, sputter- 
ing is now widely used for the deposition of perovskite 
ferroelectric ceramics.   Continuous single crystal/single 
domain thin films of perovskite materials are impor- 
tant not only for the fabrication of layered perovskite 
thin film devices but also understanding of their physical 
and/or chemical properties. However, most of the per- 
ovskite thin films include non-homogeneous microstruc- 
tures. even if the films show three-dimensional epitaxy. 
Systematic studies on a deposition of basic perovskite 
such as PT are essential for an achievement of a fine 
control of the microstructure [2].   This paper will de- 
scribe the basic deposition parameters for the control of 
microstructure and overview recent experiments on the 
sputtering deposition of PT thin films with controlled mi- 
crostructures to achieve a deposition of continuous single 
crystal/single domain PT thin films. 

II.   BASIC DEPOSITION PARAMETERS 

Thin films of perovskite structure are provided by 
a heteroepitaxial growth on foreign single crystal sub- 
strates. The epitaxial films essentially include disloca- 
tion and/or microstructures due to the thermal and/or 
lattice mismatch between thin films and the substrates 

Table 1 shows typical substrates for the epitaxial 
growth. The ST substrate shows a small lattice mismatch 
for the growth of c-domain perpendicular to the substrate 
.'lattice mismatch. 0.05%). Large lattice mismatch for 
the growth of c-domain, i.e. PT on MgO (lattice mis- 
match. 7%) will induces a growth of dislocation and/or 
multi-domains above a critical film thickness in order to 
release the stress in the epitaxial films [3].  The critical 

Crystal 
system 

Structure Lattice 
constant 

at RT (A) 

Thermal 
expansion 

(1/K) 

PbTi03 tetra. perovskite a=3.903 
c=4.152 

ppm 
16.1 
54.2 

MgO 

SrTiOs 

LaAlOs 

cubic 

cubic 

pseudo 

NaCl 

perovskite 

perovskite 

a=4.203 

a=3.905 

a=3.792 

13.8 

10.8 

10 

Sapphire 
cubic 

trigonal corundum a=4.763 7.7-8 
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film thickness is about 100 run [4j. The non-uniformity 
of initial crystal growth also induces the microstructures 
including multi-domain growth :5i. Uniform layer growth 
with a small lattice mismatch under stoichiometric com- 
position will be essential for the deposition of continuous 
single crystal perovskite thin films with single domain [6]. 

The epitaxial temperature of perovskite thin films is 
typically 500 to 600 °C. The lattice deformation accom- 
panied by the growth of microstructures will be enhanced 
during the cooling period from the epitaxial temperature 
to a room temperature after a film deposition, when the 
epitaxiai temperature Te is higher than the Curie tem- 
perature Tc (PT: Te>Tc, Tc=490 °C). The cooling rate 
will change the populations of a-domain and/or c-domain 
in the Sims [7]. 

III. DEPOSITION AND MEASUREMENTS 

PT thin films were epitaxiallv grown on (001)ST sub- 
strate by rf-planar magnetron sputter. PT powder tax- 
get was used for the deposition. The chemical compo- 
sition of the sputtered films is controlled by the compo- 
sition of the powder target. Miscut ST substrates with 
miscut angle of 0.2 to 10 degrees were used for the epi- 
taxial growth. Typical sputtering conditions are shown 
in Table 2. Sputtered thin films were cooled down to 
200 ~C within 30 minutes. Microstructures were evalu- 
ated by XRD (X-ray diffraction'. SEM (scanning elec- 
tron microscopy), TEM (transmission electron micro- 
scope, along with SAD (selective area diffraction) anal- 
ysis, ar.c AFM (atomic force microscope) [8]. The di- 
electric properties of PT thin films were evaluated at 
the sandwich structure. Au/PT/SrRuOj/ST, using con- 
ducting SrRuOi (SRO) layer. The dielectric measure- 
ments were conducted by sine wave at 1 kHz with the 
Au counter electrode of 0.3 mm in diameter deposited 
by vacuum evaporation. The SRO layer was epitaxiallv 
deposited on the ST substrates by off-axis sputtering [9]. 

IV. RESULTS AND DISCUSSION 

1. Microstructures 

Below a critical thickness. :hin films could exhibit uni- 
form crystal growth without any microstructure. if the 
thin films will uniformly grew on an atomic scale. The 
critical thickness is around 100 nm. To confirm this 
consideration first we tried to deposit ultra-thin films 
of PT on the well-oriented ST substrate under epitax- 
iai growth conditions. Stoichiometric composition was 
kept throughout the experiments so as to suppress the 
formation of secondary phases during film growth. X-ray 
diffraction analysis suggests that the films exhibit highly 
c-axis oriented single crystals with the epitaxial relation, 
(0011 PT/(001) ST. The surface SEM image indicates 
the presence of microstructures comprising island struc- 
ture at the initial stage of film growth probably due to 
the three-dimensional nucleation. The microstructures 
have grown as the film thickness increases under Volmer- 
Weber mode. When the film thickness reached a critical 
value, i.e., 100 nm, a sharp crack was developed. The for- 
mation of the microstructures may result from the release 
of stress in the thin films. Two-dimensional nucleation 
wiil be essential for making uniform film growth. 

b. PT Thin Films on Mis cut (001)ST 

The miscut substrate will provide uniform nucleation 
centers. Typical value of miscut angle was 1.7 degree. 
The direction of miscutting was parallel to <010> ST. 
Surface model of the miscut ST is shown in Fig. 1. Sur- 
face crystal steps will act as a nucleation center. The 
surface comprises step lines and terraces. The height of 
the steps is around 0.4 nm corresponding to a crystal 
unit of ST substrate [10]. The average terrace width is 
14 nm for the miscut angle of 1.7 degree. Figure 2 shows 
typical surface SEM images of sputtered PT thin films 
on the miscut ST substrates for various miscut angles. 
The surface comprises periodic striped patterns. The 
spacing of the periodic patterns decrease with increas- 
ing the miscut angles. Typical spacing for the miscut 
angle of 1.7 degree was 50 to 150 nm. X-ray diffraction 
analysis suggests that these PT thin films on miscut ST 
substrates are highly c-axis oriented single crystal. The 
cross sectional TEM image of the sputtered PT thin film 
on the miscut ST substrate with SAD pattern and sur- 

a. PT Films on (001)ST 

Table 2. Sputtering conditions. 

Sputter system 
Target 
Target -:ameter 

Rf-planar magnetron 
PbTiOs powder 
80 mm 

Target-=\ibstrate spacing 30 mm 
Substrate (001)SrTiO3, miscut (001)SrTiO3 

on axis 
600 °C 
Ar/O:=:0/l-2/l (0.5 Pa) 
3 nm/min 
5-300 nm 

Substrate position 
Substrate temperature 
Sputter:::? ^as 
Growth rate 
Film th:ckness 

h:0 4nm 
O-Unm 

Fig. 1. Typical surface model of miscut (001)ST substrate; 
raiscut angle, 1.7 degree. 
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" Tvpicäl SEM images ::' sputtered PT thin films on 
• OOilST for various miscut angles; (a) 1.7 degree. °) 
rree. Pt thin films. 100 -- in thickness. 
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-axial relation of (001)PT. /:001)ST. The PT thin fürns 
cerise -domain structure and are coherent to tne =ub- 

^omam stability has been studied m detailby Speck et 
aL.  Population of a-domain and c-domam are go^rned 
bv the substrate lattice and thermal mismateh. cooiin 
ate  Ld depolarizing held ~  The P-en-xpenrnent 

surest that the control ot initial nlm growth is effective 
to male uniform PT thin alms with single crystal/single 

d°?hf stTp-flowegrowth moae is essentially governed by 
JsurfS diffusion of adatoms on the terrac.  High. 

^leTsGenerally ±0.3 degree which corresponding the 
Sface wfdth ofy>80 nm.  At presentdeposition condi- 

on the terrace width. >S0 =m, will ^ so long^a    h 
steo-flow growth mode could not be stabilized. The cat_ 

ai jangle, i.e. *^^^°»£^ 
de-ee riol  The stabilitv of the layer growth of step-now 
towSi mode was affected bv the partial oxygen pressure 
durn» him growth. The higher oxygen partial pressure 
du^S the sputtering will prevent the two-dime^ionai 
Ä accompanied by layer growth and induces the 
IVree-dimensional crystal growth as shown m the SEM 
.'-re- U1   _     A. , , A-.rv=oo/5. two-dimensional cr\s- 
5aSow^S/C;Äb 6. (c) Ar/0,-20/7. three- 
^nsional crystalW-   A critical partial oxygen 
pressure was present for the layer growth. 

face lattice image of the PT t 
The surface of the terrace * 
step height was 1 to 3 nm. 
the film growth on the mis 
erned by a layer growth o: 
the initial stage of film gro* 
step bunching was observed 
step height increased with r.: 
pattern shows the films ep:: 

-in film are shown in Fig. 3. 
The ^s atomically smooth. 

Ihese results suggested that 
cut ST substrates was gov- 
step-flow growth mode.   At 
vth. film thickness <10 nm, 

Both terrace width and 
.si thickness [11]. The SAD 
axially grown with the epi- 

2. Lattice Structures 

Heteroepitaxial films show three types of lattice de- 
formation relaxed, strained, and/or dislocated lattice 
^formation. Thick films usually show relaxed andVor 
dislocated type. Ultrathm films, thickness less^ than a 
c-itical thickness, show strained lattice deformation. At 
be gTowth temperature cubic PT (a=0.397 nm) turns are 

epitaxially grown on ST :a=0.393 nm) under a compres- 

gftP MISCVT S-T.O, SUBSTRATE ~     ^  »KmtC 

THIN   FILM - 
SURFACE 

,.,..     STEP TERRACE 

-   3    Cross secnonal TEN^age of sputtered PT thin  films on miscut (001)ST with SAD pattern at film/substrate 
-erface" ^ »age o: film surface (b). PT thin film.   150 nm >n thickness. 



Cor.tir.uov.j Single Crystal PbTiO: Thin Films Epitaxially Grown on   .. - Kiyotaka WASA ei at. -S1347- 

^#S^^§j(a); 

Fig. 4. Surface SEM images of sputtered PT thin films on 
miscut 001 ST for various oxygen partial pressure during the 
sputter:-? deposition: (a) Ar/O;=20 5. (b) Ar/O2=20/6, (c) 
Ar Q; = 2".  7. PT thin films, 120 nm in thickness. 

sive force due to the lattice mismatch. The unit cell of PT 
thin films will be prolonged. The compressive force will 
be maximum at the growth temperature, since a-lattice 
mismatch •■vill decrease due to the difference of thermal 
expansion coefficient. During the cooling stage c-domain 
stabilizator, will be further enhanced due to the intrin- 
sic phase transition from cubic to tetragonal phase at Tc, 
result ir.z :r. large tetragonal deformation c/a=1.06 to 1.1 
at room temperature [13]. 

X-rav analysis suggested that the thin films comprise 
a sinzle c-domain structure, even if the film thickness in- 
creases ur, to 300 nm. The PT thin films are continuous 

structure without any grain boundary. The PT thin films 
are extremely smooth. The X-ray diffraction patterns 
include satellite oscillation due to Pendellosung Fringes. 
The ?T thin films will be tightly bonded onto the sub- 
strate, so the PT thin films show a small variation of c- 
ar.d. or a-lattice parameters over Curie temperature [14]. 
The ?T thin films showed excellent dielectric properties 
with low loss factor; room temperature dielectric con- 
stant r-=70. loss factor tano <1%, remanent polarization 
P-=30 /xC/cm2, and pyroelectric coefficient 7=3xl0~8 

C .'cmrK. The large pyroelectric coefficient indicates that 
the PT thin films comprise mono-polar c-domain without 
ISO degree domain [15]. 

V. CONCLUSION 

Deposition of PT on a miscut ST substrate induces 
step-flow growth mode and realizes a layer growth. The 
resultant PT thin films show a continuous single crys- 
tal/single c-domain structure, although the films show 
strained deformation. The thickness of the continuous 
single crystal films is up to 300 nm. The PT thin films 
do net include 90 and/or 150 degree domain. It is con- 
firmed that the epitaxial growth on miscut substrates is 
essential to fabricate perovskite thin films with controlled 
micr;structures. It is also noted that a basic planar rf- 
diode magnetron sputtering is available for the deposition 
of perovskite thin films with controlled microstructures 
on ar. atomic scale. 
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Abstract 

Excellent symmetric dielectric hysteresis is observed from lead zirconate titanate 

(PZT) thin films using transverse electric fields driven by interdigitated surface 

electrodes. The 1 fim-tbick PZT films with Zr/Ti ratio of 52/48 are prepared on ZrO, 

buffered, 4-inch diameter silicon wafers with a thermally grown SiO, layer. Both the 

ZrO, buffer layer and PZT film are deposited by using a similar sol-gel processing. 

Remanent polarization of about 20 \LC/cmz with coercive field less than 40 kV/cm is 

obtained as measured using a triangle wave at 50 Hz. Thicker films are being developed 

and retention for the transversely polarized state is currently under study. One of the 

objectives of this study is to develop a large array of d33 driven unimorph sensing 

elements for a high resolution acoustic imaging system. 



Because the d33 and k^ values of most ceramics are almost two times of the d31 and k3l 

values respectively,1 recent studies in macroscopic systems have highlighted the strong 

advantages for unimorph bending actuators with transversely polarized PZT layer which 

can be driven electromechanically through the piezoelectric d33 mode rather than the 

conventional d31 mode.13 Here the d^ mode means that both the polarization and applied 

field are along the surface of the piezoelectric layer (that is, transverse direction). This d^ 

unimorph structure should also be significant for MEMS (microelectromechnical 

systems) applications because many micromachined unimorph transducers for various 

MEMS devices have been developed by combining silicon microelectronics technology 

and on-chip ferroelectric lead zirconate titanate (PZT) films.4,5'6 In addition, we believe 

the transverse polarization configuration will be more attractive for micromachined 

unimorph diaphragm pressure sensors, since diaphragm thickness and electrode spacing 

are now independent variables. Particularly important is the fact that newer field effect 

transistors are available with ultralow input capacitance, matching well the very low self- 

capacitance of the unimorph structures with wider electrode separation and consequently 

higher intrinsic voltage sensitivity. As a first step towards producing cL-mode unimorph 

bending transducers on silicon substrates, ferroelectric PZT films have to be deposited on 

an insulating buffer layer with low dielectric constant instead of the conventional 

platinum buffer layer. In this letter we report that PZT thin films can be prepared on 

ZrO.-buffered silicon substrates and strong symmetric hysteresis is observed for 

transverse fields generated from interdigitated surface electrodes, indicating the excellent 

ferroelectric properties of the films. 

Both the ZrO, and PZT films were deposited by multiple sol-gel spin-on procedures, 

and their solutions were prepared using an acetic acid process modified from the former 



reports in the literature.7'3 To prepare ZrO. solution, zirconium n-propoxide was added to 

the glacial acetic acid and the mixture was refluxed at 105°C for 1 hour. Ethylene glycol 

and deionized water were also added during the reflux to control the viscosity and 

concentration of the solution. To prepare PZT (52/48) solution, lead acetate trihydrate, 

with 20 mol% excess lead content, was initially dissolved in acetic acid and the 

associated water was removed during a period of distillation at 150°C. After cooling to 

room temperature, zirconium n-propoxide and titanium isopropoxide were added to the 

solution and the mixture was refluxed at 80°C for 1 hour. Again ethylene glycol and 

deionized water were added during the reflux process. The concentrations of the final 

solutions were adjusted to be 0.75 M for the ZrO. solution and 0.90 M for the PZT 

solution. The substrate was 4 inch-diameter, n-type. (100) oriented silicon wafers with a 

0.4 urn-thick thermally grown SiO, layer. For the preparation of ZrO. film, the samples 

were pyrolyzed at 600eC for 0.1 hour after the deposition of each layer and annealed at 

700°C for 3 hours after the 5th layer deposition. After the annealing of ZrO. film, another 

5 lavers of PZT solution were coated laver bv laver in the same wav but the final 

annealing condition was changed to 700°C for 1 hour. 

The phase structures of the films were analyzed by using an X-ray diffractometer and 

the results are shown in Fig. 1. It can be seen that the ZrO, film is mainly amorphous 

after annealing but the PZT film is well-formed perovskite structure phase. The peak with 

the highest intensity in the X-ray diffraction pattern of the PZT film is indexed as (101) 

plane, indicating that the film is mostly random-oriented. This is not surprising 

considering the PZT film was grown on an amorphous surface. The surface and cross- 

section microstructures of the films were studied under scanning electron microscopy 

(SEM) and the results are given in Fig. 2. The SEM surface micrograph of the PZT film 



suggests a grain aggregate structure of 3 to 5 urn scale, but obvious sub-structure, and x- 

ray line broadening indicate that the true grain size is significantly smaller. The SEM 

cross-sectional microstructure (Fig. 2 (b)) shows the clear multilayer PZT, ZrO,, SiO:, Si 

structure and the very sharp interface between PZT and ZrO, films. The thicknesses of 

the PZT and ZrO, films are about 1 and 0.4 um respectively. These results have verified 

that the ZrO, film can work as an effective buffer layer preventing the reaction and inter- 

diffusion between the PZT film and silicon substrate. 

In order to measure the hysteresis loops under transverse electric field, the Ti/Pt/Au 

interdigitated electrodes were sputtered on the surface of the PZT film and a sketch map 

of the electrode patterns is shown in Fig. 3. A conventional photo-resister liftoff process 

was used to define the finger width of 10 um and electrode separations (finger gaps) of 5, 

10 and 20 um respectively. The electrode arrays with various patterns were written 

within the outline of about 1.55 x 1.33 mm as shown in Fig. 3 (a). 

The hysteresis loops of the films were measured using a modified Sawyer-Tower 

circuit with 50 Hz, triangle waveform driving signals. Direct electrical hysteresis between 

induced charge and applied voltage in the 5 urn-gap electrode system is given in Fig. 4 

(a). If it is assumed that the area switched is the product of the length of electrode fingers 

and film thickness and that the field is uniform across the electrode gap, the data may be 

converted to a P (polarization) vs E (field) scale. Fig 4 (b) shows the loops superposed for 

5,10, and 20 urn finger gaps under such assumptions. Clearly there will be fringing fields 

associated with the finger terminations which will affect the calculated polarization and 

electric field values. However, it is encouraging to find the remanent polarization (Pr) of 

order 20 uC/cm: and the coercive field (Ec) of order 40 kV/cm, which are close to the 



corresponding values of PZT films deposited on platinum-buffered silicon substrates 

using similar sol-gel processing.8 

In summary, PZT (52/48) films with the thickness of about 1 (im have been prepared 

on ZrO, buffered silicon substrates. Both the ZrO. and PZT films were deposited using a 

similar sol-gel processing. The results indicate that the deposited ZrO. film can work 

effectively as a buffer layer. The strong symmetric hysteresis loops measured by using 

interdigitated electrodes on the surface of PZT film suggest very good transverse 

coherence in the film. Current work is concerned with studying the retention of 

polarization along transverse direction and the related piezoelectric effect, and 

developing PZT films with thickness up to 5 lim in order to construct micromachined 

UBimorph transducer arrays with the working frequency at MHz range for hand-held 

underwater 3-D imaging system. 
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Figure Captions 

Figure 1. X-ray diffraction patterns of the films. 

Figure 2. SEM micrographs of the sample. 

(a) Surface microstructure of the PZT film       (b) Cross-sectional microstructure 

Figure 3. Schematic map of the surface interdigitated electrode patterns, 

(a) Top view      (b) Cross-sectional morphology 

Figure 4. Field-induced charge and polarization of the PZT film using the surface 

interdigitated electrodes. 

(a) Direct voltage-charge relationship for the 5 iim gap electrode system 

(b) Field-induced polarization for the electrode panems with various finger gaps. 
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antiferroelectric thin and thick films have been prepared on platinum-buffered 
silicon substrates by a modified sol-gel method and their electric properties 
were characterized, with emphasis on the field-induced phase transition 
strains. All the films demonstrate zero remanent polarization and a maximum 
polarization of more than 30 uC/cnr. By choosing the appropriate 
compositions, the films can have either "square" hysteresis loops with very 
sharp phase transition or "slanted" hysteresis loops with gradual phase 
transition. The strain levels of the thin films can reach 0.32% with smaller 
hysteresis or 0.42% with moderate hysteresis. The thick films can either have 
a strain level of 0.38% with very small hysteresis or have a strain level of 
0.48% with clear digital actuator response. Hence the strain levels of these 
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INTRODUCTION 

Antifeiroelectric materials in the lead zirconate titanate stannate family have 

been studied for actuator applications during the past several decades because 

of the large strains concurrent with the antiferroelectric-to-ferroelectric phase 

transition11"41. It has been found that, depending on compositions and 

temperatures, the antiferroelectric-to-ferroelectric phase transition can occur 

as a step function of electric field or change gradually with electric field These 

two types of transitions are characterized by "square" and "slanted" 

hysteresis loops, which allow for digital or analog actuator applications. For 

the materials with square hysteresis loops, strain levels of 0.4% can easily be 

reached and repeated'4' while strain levels as high as 0.85% have been 

reported13'. Considering their strong actuation ability in the bulk form, thin 

(thickness < 1 um) and thick (thickness > 1 ,um) films in this system have 

been investigated since 1990s for the microactuation applications in 

microelectromechnical systems (MEMS)'5"7*. However, most of the reported 

anriferroelectric thin and thick film* have some remanent polarization, which 

is believed to be due to the retention of the ferroelectric phase. The strain 

levels of the antiferroelectric thin films are less than 0.2%[5-6', which are much 

smaller than that in the bulk materials, and there are no strain data available 

about antiferroelectric thick films. 

Recently, our group reported that both niobium-doped and lanthanum- 

doped lead zirconate titanate stannate antiferroelectric thin and thick films can 

be prepared from modified sol-gel spin-on techniques"*10'. All these films 

demonstrate zero remanent polarization after the electric field is removed. By 

choosing appropriate compositions, the antiferroelectric films can either have 
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a typical square hysteresis loop or have a typical slanted hysteresis loop. In 

this work, the electrical properties of these antiferroelectric thin and thick 

films are characterized, with emphasis on the field-induced phase transition 

strains. The results show that the strain levels of these thin and thick films are 

comparable to that of bulk materials, and the highest value can reach 0.48% for 

the antiferroelectric thick films with square hysteresis loops. Therefore, these 

films are very promising for actuation applications as microactuators, 

micromotors, microvalves and other MEMS devices. 

EXPERIMENTAL PROCEDURE 

The compositions used in this work are Pb0.99Nbo.o2(Zro.gsSno.i3Tio.o:)o.5s03 

(abbreviated as PNZST) and Pbo^Lao.^Zro.esSriojiTioWOj (abbreviated as 

PLZST), and the sample composition and preparation methods are listed in 

Table I. The thin film samples with the thickness of around 0.4 urn are 

prepared either from 2-methoxyethanoI-based sol-gel method (for PNZST) or 

from acetic acid-based sol-gel method (for PLZST). By using a multi-step 

annealing process and suitable PbO coating layers, the thick film samples with 

the thickness of about 5 um are prepared from acetic acid-based sol-gel 

method (for both PNZST and PLZST). The flow chart to make the thin films 

by 2-methoxyethanol-based method is given in Fig. 1, and the processing 

details are described in Ref. [8]. Lead acetylacetonate, titanium isopropoxide. 

zirconium n-propoxide, tin acetate, and niobium ethoxide were added to 2- 

methoxyethanol and the mixture was refluxed at 115°C for 12 h. The solution 
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TABLE I  Sample compositions and preparation methods 

Sample Notation  Compositions*      Preparation method      Remarks 

N-l PNZST 
L-l PLZST 
N-2 PNZST 
L-2 PLZST 

2-methoxyethanol-based thin film 
acetic acid-based thin film 
acetic acid-based thick film 
acetic acid-based thick film 

* The PNZST is Pbo.a^o.rcCZro.ssSno.uTio.mVssCb and the PLZST is 
Pbo.97Lao.o2(Zro.65Snoj iTiowX^. 

Zr(OCjH& Pb(CH,COCHCOCH,>, | | NbfOCM& |   Ti(OCH(CH,Hl 

Adding and mixing on hot plate 

_L 
reflux at 115°C. 12 h 

_L 
0.4M solution 

 ;■ 

Adding 4% HCONHj, stiring for 2 h 

X4 
—] Spin-coating: 3000 rpm. 30 s 

I 
Pyrolysis: 400°C, 5 min 

I 
Annealing: 700°C. 18 min 

FIGURE 1   Flow chart to make thin films by 
2-methoxyethanol-based method 
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was then cooled to room temperature and 4% formamide was added to 

promote proper drying and to adjust the concentration to be 0.4 M. The flow 

chart to make the PNZST thick films are shown in Fig. 2 and the processing 

details are described in Ref. [10]. Lead acetate trihydrate and tin acetate were 

initially dissolved in acetic acid and the mixture is distilled at 150CC to remove 

the associated water, then the solution was added with zirconium n- 

propoxide, titanium isopropoxide and niobium ethoxide and mixed at 105°C 

for 1 h. Ethylene glycol and deionized water were added during reflux to 

control the viscosity and to adjust the concentration to be 0.75 M. 0.70 M 

CHjCOOH Pb(CH,COOV3H~0 Sn(CH3COO)4 

2 
CftCOOH 

Mixed and distilled at 15CPc| 

Added Zr(OGH-k -TifOCHtCH,),)* Nb(OCH.- ,< 

Mixed and distilled at 150°C 

Added more CH3COOH 

dded CH.OHCH-OH 
and H>(5 

Mixed and Reflux at 105°C [ 

Added CH2OHCB,OH   0-75M PNZST Solution 
andliO _  — 

Mixed and Reflux at 105°C [ 

0.8M PbO Solution 

I 
pjSpin-coating:7500 rpm.30s|--: 

X5 

Pyrolysis:600°C.0.1h 

X6 
Annealing: 700°C, 1 h 

FIGURE 2  Flow chart to make thick films by 
acetic acid-based method 
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PLZST solution was prepared by using lanthanum ethoxide instead of 

niobium ethoxide and 0.80 M PbO cover solution was prepared using similar 

procedure. To make PLZST thin films, the PLZST solution was diluted to 

0.40 M by adding more acetic acid. 

All the films are deposited on platinum-buffered n-type, (100) oriented 

silicon wafers. The thin films were prepared through a simple multi-step spin- 

on procedure. To make PNZST thin films from 2-methoxyethanol-based 

method, the films were pyrolyzed at 400°C for 5 min on a hot plate after the 

deposition of each layer and annealed at 700°C for 18 min after the 4th layer 

deposition. To prepare PLZST thin film«; from acetic acid-based method, the 

pyrolysis condition is 600°C for 0.1 h in a commercial box furnace and the 

annealing condition is 700°C for 1 h. 

The procedure to deposit thick films is more complicated, which we named 

as multi-step annealing with multiple PbO coating layers. The films were first 

pyrolyzed at 600°C for 0.1 h after the deposition of each layer, then they 

were covered with PbO coating solution and annealed at 700°C after the 

deposition of 5 layers of PNZST solution or 6 layers of PLZST solution. This 

cycle is repeated until 30 layers of PNZST solution or 42 layers of PLZST 

solution are coated. The effects of multi-step annealing and PbO coatings are 

discussed in Ref [10] and beyond the scope of this paper. 

The thickness of the films were determined from surface profilometer 

traces. Platinum top electrodes with a diameter of 1.6 mm were deposited by 

rf sputtering method for electrical property characterization. The low field 

dielectric properties were measured using an HP4274A LCR meter with an 

oscillating field of about 2 mV/(im and a frequency of 1 kHz. The hysteresis 
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loops were measured using a modified Sawyer-Tower circuit with a 50 Hz, 

triangular waveform driving field. The phase transition strains were 

determined by using the sensitive double beam laser interferometer. The 

description of the measurement system can be found in Refs. [11] and [12], 

but an oscilloscope is used as the final data output instead of lock-in amplifier 

because of the nonlinear relationship between the driving field and phase 

transition strain. A driving voltage with 100 Hz, triangular waveform was 

used 

RESULTS AND DISCUSSION 

Dielectric and Ferroelectric Properties 

The hysteresis loops of the thin and thick film samples are illustrated in Fig. 3 

and Fig. 4 respectively, and their electric property data are summarized in 

Table II. It can be seen that all the samples have relatively low dielectric loss 

(lower than 2.0% for Samples N-l, N-2, and L-2 and lower than 3.0% for 

Sample L-l) and show zero remanent polarization after the electric field is 

removed. The maximum polarization of Samples N-l and N-2 can reach 40 

(iC/cm:. This value is much higher than the former reported 20 u.G'cnr for the 

thin films'61 and 28 u.C/cm2 for the 2.4 |im-thick films'71 in the niobium-doped 

lead zirconate titanate stannate antiferroelectric system (The electric property 

data for the films thicker than 2.4 urn have not been found). All these PNZST 

samples possess rather square hysteresis loops, although the phase transition 

of Sample N-l is not so sharp and its phase transition fields are determined by 

extrapolating the steepest sections of the hysteresis loop and obtaining their 
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intersections with the horizontal axis. Very sharp phase transition has been 

observed in the hysteresis loop of the 5 urn-thick PNZST sample (Sample N- 

1), winch is almost perpendicular to the electric field axis. The PLZST 

samples show typical slanted hysteresis loops and have a maximum 

polarization of higher than 30 \i£Jcar. Although it has been reported that the 

maximum polarization can reach 30 uC/crrr in the lanthanum-doped lead 

TABLE II  Electrical properties of the films 

Sample 
Notation 

Thickness 
(um) 

Er tanö 
(0/o) 

E.\F_r Ep_^F Pmax 
(kV.-'cm)       (kV/cm)      (uC.'cnr) 

N-l 0.43 280 1.97 
L-l 0.36 360 2.75 
N-: 4.98 283 1.7 
L-2 5.04 434 2.0 

160 

150 

75 

97 

41 
30 
40 

♦can not be given because of the slanted shape of the hysteresis loops. 

40r 

(O s*r 
s if u I    I 
U 1 / 
w J^s c 0 ^^ 

^-*»J 

y^Y «3 /   1 
N /   / 
u. /    / ' 
a /    / 
C • l<s . 

-50 
-400 0 400      -400 0 400 

Electric field (kV/cm) Electric field (kV/cm) 

(a) Sample N-1 (b) Sample L-1 

FIGURE 3   Hysteresis loops of the thin film samples 
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50 

c 

Jo 

-50 

T^ 
.300 0 300      300 0 400 

Electric field (kV/cm) Electric field (kV/cm) 

(a) Sample N-2 (b) Sample L-2 

FIGURE 4  Hysteresis loops of the thick film samples 

rirconate titanate stannate system, their samples have rather large remanent 

polarization*51 and there is no report on the thick films in the lanthanum- 

doDed system. 

Field-induced Phase Transition Strain 

The phase transition strains of the thin and thick film samples are shown in 

Fig. 5 and Fig. 6 respectively. This is the first time that the strain data for 

anriferroelectric thick films have been reported. The maximum strain levels can 

reach 0.32% for Sample L-l, 0.42% for Sample N-l, 0.38% for Sample L-2, 

and 0.48% for Sample N-2. They are comparable to most bulk materials which 

have strain levels of around 0.4%. The thick films have higher strain levels 

than thin films even though the driving fields applied to them are lower than 

that for thin films. This may be due to the fact that thick films have less 

clamping effect at the film-substrate interface than thin films. 
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As comparing to the strain level of about 0.16% reported before for 

antiferroelectric thin films'1-6', the strain levels for the thin films here are much 

higher, which can be attributed to several factors. First, the present samples 

have much larger maximum polarization, which greatly enhances their 

polarization strain. Secondly, the zero remanent polarization, implying no 
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retention of the ferroelectric phase in these samples, indicates that there is 

much less internal stress in the films, and this internal stress is a factor 

believed to retard the antifenoelectric-to-ferroelecmc phase transition and 

reduce the phase transition strain. Thirdly, eiectric fields of more than 300 

kV/cm are used here, which is larger than the eiectric fields used in the earlier 

reports (225 kV/cm in Ref. [5] and 160 kV/cm in Ref. [6]). 

There is a strong correlation between the shape of the hysteresis loop and 

the nature of the strain curve. Corresponding to their slanted hysteresis loops, 

the strain curve for Sample L-l has relatively smaller hysteresis and gradually 

increase with electric field, and the strain curve of Sample L-2 has very small 

hysteresis. These PLZST films are suitable for analog mechanical response 

applications. The strain curve of Sample N-l shows a moderate hysteresis and 

the strain begins to be generated only when the electric field becomes larger 

than 100 kV/cm, showing a digital response character to some extent. In the 

strain curve of Sample N-2, there is a jump of about 0.3% around the 

antiferroelectric-to-ferroelectric phase transition field, demonstrating a very 

clear digital actuator response. Therefore, the microactuators made from these 

anttferroelectric thin and thick films can meet the requirements for various 

electro-mechanical responses. 

CONCLUSIONS 

Antiferroelectric thin and thick films in lead zirconate titanate stannate family 

have been prepared on platinum-buffered silicon substrates by modified sol- 

gel spin-on techniques and their electric properties were characterized. These 
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films can be  niobium-doped   or   lanthanum-doped.   The   0.4  urn-thick 

antiferroelectric thin films   were  prepared   from  2-methoxyethanol-based 

method for Nb-doped samples and acetic acid-based method for La-doped 

samples. By using a multi-step annealing process with multiple PbO coating 

layers, the 5 um-thick antiferroelectric thick films were prepared from the 

acetic acid-based method.   All   the   films   demonstrated  zero  remanent 

polarization and the maximum polarization values are larger than 30 uC/cm2. 

By choosing the appropriate compositions, the films can be made to have 

either square hysteresis loops with sharp phase transition, which arc suitable 

for digital mechanical response applications, or slanted hysteresis loops with 

gradual phase transition, which are suitable for analog mechanical response 

applications. The thin films can have field-induced phase transition strain of 

0.32% with smaller hysteresis or 0.42% with moderate hysteresis. For the 

thick films, the field-induced phase transition strain can reach 0.38% for films 

with very small hysteresis or 0.48% for films with very clear digital actuator 

response. Therefore, these antiferroelectric thin and thick films arc very 

promising for high-strain actuation applications in MEMS devices. 
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Abstract 

Without external fields, ferroelectric materials will have multi-domain config- 

uration in the ferroelectric state. Detailed analysis found that twinning may 

not be treated ;is random since the number of orientations for the domain walls 

are limited in a »iven symmetry change during a ferroelectric phase transition. 

In each finite region of a large crystal or in small crystallites, a particular set 

of twins is favored under certain boundary conditions, which consists of only 

two of the low temperature variants. Statistic models of random distribution 

of domains do not apply for calculating the physical properties of such twin 

structures.   However, one could derive the two domain twin properties by 

using the constitutive equations and appropriate mechanical boundary con- 

siderations. This paper presents a theoretical analysis on such a two-domain 

twin system, including its global symmetry and effective material properties 

resulting from different twinning configurations. Numerical results are derived 

for LiNbO:i and BaTi():t. 
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I. INTRODUCTION 

The macroscopic material properties of a multi-domain ferroelectric system are collective 

average of individual domains. Traditionally, people took statistic average of the properties 

of all the low temperature variants and used the volume ratio as the weighting factor. How- 

ever, in reality, different physical properties may follow different averaging rules depending 

on the geometric configuration.  For many properties the contribution of each domain do 

not always coincides with their volume ratio. For example, the elastic constant of a fiber 

reinforced composite is much larger in the fiber length direction than in its radial direc- 

tion, although the volume ratio can be the same. Similarly, in a multi-domain system the 

contribution of each domain not only depends on the volume ratio but also on the relative 

geometric configuration and to the orientation of the applied external fields. Experimental 

evidence showed that the domains often appear in a twin band with only two variants in 

the set1-2. Even for a ceramic svstem. domains observed in each given grain are mostly twin 

pair sets rather than all the available variants.   Such limited variant twinning pattern is 

more pronounced in a single crystal system since all orientations must be coherently joined 

together. Each twin band often occupies a sizable volume in a large single crystal. Generally 

speaking, two-variant twinning is the basis of all multi-domain systems in ferroelectrics. 

Recent development, in domain engineering of relaxor based single crystal systems (e.g. 

for single crystals PZN-PT. PMN-PT) produced much enhanced piezoelectric and dielec- 

tric properties3.   Experimental observation showed that many engineered crystal systems 

have only two variants4.   Even those nonpoled samples are composed of large regions of 

two variants twin band structures. Experimental observation of these relaxor based single 

crystals revealed that the twinning mostly consists of two variant twins56 (for PZN and for 

BaTi03). It is also found that the orientation of the two domain system and the selection 

of the variants can significantly influence the effective material properties of multi-domain 

systems. This means that the statistical model or models depend only on the volume ratio 

will not give proper prediction of the physical properties in these domain engineered crys- 



tals. Roughly speaking, the volume ratio average scheme assumed isotropic distribution of 

domain walls and ignored the cross coupling between different quantities of the associated 

domains. 

If we utilize the fact that the btsic domain structure only consists of two variants and 

they have certain orientation relation in domain engineered crystal systems, it is possible 

to accurately derive the apparent macroscopic property by directly apply external loads to 

the system. Such a two-variant domain set can then serve as the building block to calculate 

properties of systems with more complex domain patterns. 

The importance of calculating the effective properties of two domains lies in the fact 

that the macroscopic properties observed experimentally, no matter from ultrasonic method 

or from resonance technique, are actually a collective contribution of the existing domains, 

not all possible domains. In a given domain engineered single crystal, only some of the low 

temperature variants can appear. 

Because of the importance of predicting the effective material properties, there are vast 

literatures on property averaging of multi-component systems.   For example, the equiva- 

lent elastic constants were previously calculated for two layer elastic system' by using the 

volume ratio as the weighing factor for both the stress and strain. Their approach allows 

the calculation of elastic- properties in two layer system for materials of any symmetry and 

any orientation between the two layers.  This method was later extended to piezoelectric 

materials *.   Dynamic approach for calculating the effective material properties of piezo- 

electric layered material of arbitrary orientation9 was based on the nature of acoustic wave 

propagation in layered material in the long-wavelength limit. It allowed explicit calculation 

of complete set of all marerial properties.  Another method for effective material property 

calculations is the method of effective medium which was applied to calculate the properties 

of polycrystalline ceramics10"1- and piezoelectric composites1314. The mechanical stress and 

electric field were assumed uniform in the matrix and in the inclusion (grains). The average 

was calculated under a number of assumptions about the space distribution and the shape of 

inclusions (spherical and elliptical shape). Effective material properties for 1-3 composites 



were calculated for 6mm symmetry as a function of volume fraction13. While all of these 

techniques have advantages and disadvantages in certain aspects, they have provided guid- 

ance to many particular applications and to the proper characterization of multi-component 

systems of interest to certain accuracy. 

However, it is not appropriate to use the volume ratio average if there are only limited 

number of domains in a system. In this paper we will try to eliminate some of those less 

convincing assumptions used in previous averaging methods and develop a systematic pro- 

cedure particularly applicable to a two domain twin system. We will use different weighing 

factors for different physical properties based on the relative orientation to the external 

stress and electric field. Some quantities in each domain can be the same as in the combined 

twin system rather than all quantities being the weighted average. We will also give the 

macroscopic symmetry associated with twinning of different pairs of the low temperature 

variants resulting from cubic to rhombohedral and cubic to tetragonal ferroelectric phase 

transitions. Numerical applications of this averaging technique were performed on LiNbO:» 

(m3m —- 3m) and BaTiO:{ (///3m — 4mm) and the results were compared to that obtained 

by the method given in Ref. [<S]. 

II. AVERAGING OF TENSOR PROPERTIES IN A TWIN CRYSTAL 

For the twinned structure under study, we assume that the two variants have a volume 

ratio of vw and />('-' and the domain wall(DW) is perpendicular to the y-axis. Considering 

the unit cell of a twin structure as shown in Fig. 1. we can apply static stress and electric 

field to the system and use the response to derive the effective average property of this 

twin crystal. For generality, we allow the crystallographic symmetry of both materials to be 

arbitrary, however the material properties of both domains must be expressed in the same 

coordinate system before performing the average. For a ferroelectric system, the material 

properties are represented by the elastic compliance tensor sw, piezoelectric constant tensor 

d(i) and dielectric constant tensor e(,\ which satisfy the constitutive relations. 
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where the superscripts (1) and (2) represent the quantity for domain 1 and domain 2 re- 

spectively. 7?(i) and D(i) are the elastic stain tensor and the electric displacement vector. dSx) 

and E(i) are the stress and electric field, respectively. The two domains can be of different 

thickness, which is represented by volume ratios t>(1) and v™ with vw +v{2) = 1. Compo- 

nents of elastic strain 77 are assumed to be symmetric, while the components of elastic stress 

do not have this symmetry due to the cross domain coupling and the simplified notation is 

related to the true tensor notation in the following form. 

7\ = 
Tij i = j 

Lj = 1.2.3 (2) 
Tu + Tjt i # j 

Since the material properties are similar in magnitude for the two domains, unlike the case of 

polymer-ceramic composite1'l,i. it is reasonable to assume that the mechanical stress, strain. 

electric field and electric displacement in both domains are homogeneous in the equilibrium 

state. At equilibrium, the effective stress and strain of the twin system is symmetric and 

the two domains are required to form a coherent non-separating boundary (DW) under 

external applied stresses. For convenience, we will use the shortened notation for all the 

tensor components of material properties defined by 17 
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The constitutive relations for each of the domains are 

(3b) 
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where 7$° and EJ.B) are the components of elastic stress tensor and electric field vector. 

Volume ratio averaging conditions can be expressed as8 

rjtf'-rM^+vWrff (5a) 

IT/1 = v^+vWTffSJ = 1,2,3. (5b) 

These relations can not hold true simultaneously for both the strain and stress as one 

can see from the twin structure in Fig. 1. We need to redefine the conditions for such a 

system for which the orientation and configuration are known. Mechanical equilibrium 

and non-separable boundary conditions, i.e.. the continuity of 3 normal components of 

stress 7$, T$,T§. G tangential components of strain T)ii, q», »fi\ AUS- nil 2 tangential 

components of electric held £',". E-? and normal component of electric displacement D2* , 

(/ = 1.2), lead directly to the following conditions: 
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These conditions provided new different averaging rules for some components of elastic stress, 

strain, electric field and electric displacement.- 

Equations (6a) - (61) give the relations between the elastic stress and electric field in 

domain 2 and domain 1. For a prescribed stress or electric field to the twinned system, one 

can first represent the stress and field in domains 1 and 2 using the global quantities. Then, 

these tensor components can be substituted into the equations (5a) - (5b) and the effective 

material properties will be found. The system of linear equations (6a) - (61) can be solved 

in matrix form 

b(Dr(i)=b(2)r(2)j (7) 
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To find out the effective material properties of two-domain system, we can use matrix cal- 

culations. In the examples, however, we will solve them in steps in for convenience. 

Nine simple loads for the two-domain system were applied to help us derive the indepen- 

dent effective constants. In each case, only one or two components of the load is non-zero. 
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The constitutive relations become relatively simple for these 9 independent loads for calcu- 

lating the effective material properties. Usually only one kind of material constant for the 

effective material is involved in each equation. 

Putting each of these <J independent loads into the equations (6a)-(61) and use the aver- 

aging rules (5a) - (5b) we obtain a system of linear equations 
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The mechanical stresses T," and electric field E^ are different in general for these simple 

loads. Values of mechanical stress and electric field in domain 2 can be expressed from 

equations (6a)-(Gl) using values of corresponding components in domain 1. We can solve 

the equation (10a) and substitute the results into equations (5a)-(5b) to find the effective 

material properties for the two-domain system. Detailed procedure is illustrated in the 

example below. 

III. EXAMPLES OF TENSOR PROPERTY AVERAGING FOR A TWIN 

CRYSTAL WITH THE SAME VOLUME RATIOS OF THE TWO DOMAINS 

As an example, we calculate the effective material properties of a 3m symmetry class 

single crystal, such as PZX-PT single crystal, with one set of twins containing equal volume 

ratios of the two domains. First of all. we need to rotate all tensor components of material 

properties for both domains from their own material coordinates to the same global coordi- 

nate system (material coordinate for the parent cubic structure). Components of material 

10 



properties for domains 1 and 2 are rotated to the common coordinate system using matrices 
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Because the prototype symmetry of the paraelectric phase is cubic, the possible DW orien- 

tations18 for the two domains with polarization Ps[Hl] and P5[lil] axe [010] and [101]. We 

calculate the effective material properties for the case with DW oriented in [010]. Domains 

are often observed as periodic twin band in most ferroelectric materials, therefore, it is rea- 

sonable to assume the same volume ratios for the two domains, i.e. u{1) = -u(2) = \, the 

expected symmetry of such a twin structure and its effective material properties is mm2. 

Independent material properties for 3m symmetry class in its own crystallographic co- 

ordinate system with the mirror symmetry plane perpendicular to :r-axis can be found in 

Ref.: 17]. 

Material properties for domain 1 in the chosen coordinate system (as plotted in Fig. 1) 

are 
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s\r, = — (—l^t 1 -i- ■-A'i3 - v/2sl4 + 2s33 + .s44) 

•'« = jj(r)-su ~ 3ä« - 4s13 - 4%/2Si4 -r 2s33 + .s44) 

•V, = Jj^"-,S|1 "*" ^Sv2 ~ 85la + 4v^Sl4 + 4s:« ~ ,<!44) 

12 

:i3o 

(14a) 

(14b) 

(14c) 

(14d) 

(14e) 

(14f) 



d'n = -~(2d15 - 2^22 + 2d3i + ^33) 

d[2 = -A=(-rf15 + >/2d22 + 2d3i + ^33) 

d'14 = —^=(d15 + 2v/2d2s + d:n - ^33) 

d'15 = 7^=(rf|5 + 2V2d22 - 2d31 -r 2^33) 

e'n = 3(2611 + f:a) 

-n -\-fU +f:i3J- 

(14g) 

(14h) 

(140 

(14j) 

(14k) 

(141) 

As an example, let us apply load 1. i.e. T[[f # 0. other are all zero (the other loads 2-9 

can be solved similarlv). The corresponding matrices for the linear systems are 

A = 

—SI1   -i12   ,515 0     0      0 

2.s',, 2s'n s\5   0     0      0 

\ 

2.s ir> '15   ,344 0        0 0 

0 0 0 s44 s\r> 2d'15 

0 0 0 s45 544 2d',5 

0      0     0   d\5 d\r> 2e?n ) 

(15a) 

/ 

Xi = 

-»li 

r(l) 

T(l) i32 

T(l)       T(l) 

\ 

13 :31 

(l) 

(15b) 
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yi = (2TT//) 

»12 

»15 

~*'l4 

-S'l5 

(15c) 

-d\ 12 

where we reshaped matrix A and vectors xuyx for convenience. Solution of equation (10a) 

for our particular case is given by 

r;," = 77,".   T<j'=0.   7U'+l&"-0, <16) 

Jtf = (-^."0  «' = (-atf')^w-  £"' = i-n!>) 

where 

der B 

det B2 

detB 

, det. B3 

detB 
(17) 

B = 

•sn  T. "ir> 

'      '    //' •H-   Hi  "l.i 

•Sl-J    SH   "l5 

B, = ■s\r,  "Mr, "is 

\ </',, '/'.2 <i; 

Mechanical stresses in domain 2 are expressed as 

(s'    s>    6!   X s14   ,5,45   "15 

B,= S15   lS44 

,    B3 = 

^ "12   "15   ell  y 

s44   545   514 

s45   S44   S15 

^ ^15   ^15   ^12 ) 

T<21        T-II        T^ — n        T(2) — _T(1) 

Ml    = Ml    •       ■'33   = UT       J32   ~      J32 - 

(18) 

(19) 

(20) 

M:J   + hi    = »».      M2   = -i12 >      -^2     -      ^2 
7(D (21) 

Now we can substitute these expressions into the averaging conditions (6a)-(61) and obtain 

some of the effective material properties for the two-domain system. The same procedure 
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can be applied to the other loads 2 —>• 9 and a complete set of effective material properties 

for the twin structure will be obtained and they are explicitly given below. 

where 

/   , 

s<" = 

-•7/ '7/ .«//     n     *e// 0 
■SU s12 513         U      *15 u 

.Sj.j .Vj2 S\2        u      s25 u 

'7/ •■//     eff      n         eff 0 .S,:, .-.12 ,SU        U     S35 U 

0 0      0 sl{f    0 sä7 

s
l- v2.ri s35         u      s55         u 

y i) o    o s%!  o s^y 

•7/ 0    eg'    0 
.•■// 

i:s 
'7/ v;   ftr i 

<r" = 

= •s'n — ■s',,,1 

,'7/ 
•S12 = 

■s'l2 - ■V.« 

•si:i = ,s'l2 - i-v.« 

•S15 = •s'ir, — K,< 
'■// 

•s22 = 
•s'll - «•V.« 

'7/ 
•v2!> = s'l.| - <*',.-.« 

-If 
•s44 = •S44 - 1 sll< 

,'7/ 
•s46 = •S'l5 — <*'..-,« 

•sr,r> = 
■SH 

— «-,< 

\/',{' d\'J 0&'    0    d^'    0   ^ 

0    o    o   <£{'   o   aft 

K <l\','  'I'JJ d\{!    0    d^'    0   y 

< let B i + .s'15 det B-2 + d\2 det B:1) / det B 

(Irr B, + .si5 det B2 4- d'u det. B3) / det B 

(let B i 4 .s'l4 det B-2 4- d\.z det B3) / det B 

det B, 4- «45 det B2 4- d'u det. B3) / det B 

<let B, 4 .s'15 det Br, 4- d'n det B6) / det B 

der B., 4 s'4n det Br, 4- d'u det B6) / det B 

der B7 + «'l5 det B* 4- .s'45 det Ba) / det B* 

der B7 4- «i4 det B« 4- ,s'4- det B9) / det B* 

det B m -r -<5 det Bu+ d'u det Bt2) / det B 

(22a) 

(22b) 

(22c) 

(23a) 

(23b) 

(23c) 

(23d) 

(23e) 

(23f) 

(23g) 

(23h) 

(23i) 
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where 

e«/' = e'u - (d'14 det B13 + d[5 det Bu + e'12 det B15) / det B 

e\{f = f'n - (d'ir> der B13 -r d'u det B14 + e'l2 det B15) / det B 

4" = e'u ~ Kader BIGT rf'12 det B17 + d\A det Bi8)/ det B* 

d\{f = d'n - (.s'M det Bi3 + *'l5 det Bi4 -r d'12 det B15) / det B 

d\{f = d'l2 - (.s'ir>(let BtM + -s'15det B14 + d'n det B15) / det B 

d\{f = d\2 - (.s'l5 det Bl3 -r *'l4 det B14 + d'v2 det B«) / det B 

d\{' = d'ir, - (*',, der B,, 4- .s'45 det B14 + rf'u det B15) / detB 

dl{f = rf'is - (*u det B,6 + -s'l5 det B17 + s45 det B«) /det B' 

B' = 

/  , . ,  \ 
•su sf.' -"Mr, 

su "Mi -si.- 

( i / 

y V. -"I- -"u / 

■sn si- 'Mr, 

Bn = 

B7 = 

•sir.   •-!.•. "l.-, 

\'/'r. '''it r'u / 

/   -      .     ,   \ 
•sn *vi -si.r> 

i      i      i 

•V.  sn -si.-. 

; / / 
■sl.-.    "I- -St4 

B.,= 

B„ = 

( ,    ,    „,   \ 
•sll   SV>   ,S14 

stJ   -sl!   «IS 

\ V.   sir>   "45 / 

■SH sir. "is 

'      ' ,/' 
■si.-. sts "is 

V '''I", ''it f'll  / 

B4 = 

^ s' d> ^ s15 545   "in 

c' c'      d' 514 ,S44   "15 

^d'n dy:>   f.n j 

(    , ,       ,/    \ s44 -S45   *15 

Bfi = 54S   -s44   sir. 

rfir, rf'is d'n 

( V      ,'     .'    ^ »11   lSl4   Ö15 

B„ = •si2 ,str, •sir» 

.<>,- .s,, .s \"i. 44 

Bio — 

( s' s' d> ^ s45 ''45 °15 

•V> ,s44 "15 

d14 air, en j 

(   i      >      >   \ s44   ,s45   *4S 

B,,= S4S   ,<!44   Ä45 

^15   "15   "14 j 

(23j) 

(23k) 

(231) 

(23m) 

(23n) 

(23o) 

(23p) 

(23q) 

(24a) 

(24b) 

(24c) 

(24d) 

(24e) 

IG 



a 

Bi3 = 

, \ d\r 

Bl5 — 

14 i45   a15 

d'lS «44   »"l5 

v e'12 »V> f'u , 

/. , ,/, \ 
•s44 •>,4.r)   a14 

'      '     ,;' 
"V, "44   »15 

^»"ir> »"is fi2 ) 

sn "12 ,si5 

Bl4 — 

S'44   rf'l4   d15 

i'v, 

\ ^15   e12   £11 ) 

«45   »"lS   d15 
(24f) 

he 

d' ,  \ 
12   Ä12   *15 

^12   «11   S15 

y ^14   «15   S44 I 

(24g) 

B17 = i\., d'V2 'ir, 

y -s1.1   aU    s44 ) 

1 

Bi» — 

.  \ 
»11   ö12   "12 

«'      <:'     rl' s12   *11   »12 

^ «15   s15   »14 ) 

(24h) 

The symmetry of these effective material properties is at least mm.2.   Some may show 

degeneracy in certain components. 

Similar calculation can In- carried out for any arbitrary material symmetry and arbitrary 

orientation of domains and D\V. 

IV. NUMERICAL EXAMPLES FOR m3m — 3m AND m3m — 4mm 

FERROELECTRIC SPECIES 

In order to make some comparison between our method and the volume ratio weighted 

average, we have performed numerical computation for two systems that, have experimental 

data available in the single domain single crystal state. Unfortunately, the lack of experi- 

mental results prevented us from directly compare to measured data for a two-domain twin 

band system. The two systems calculated represent domains formed at the ferroelectric 

phase transitions of m'.lm — '-Irrt (LiNb03) and m'Sm — 4mm (BaTiO;1)- 

According to Ref.jsj. if the effective material properties could be calculated based On 

volume ratio weighted average, the effective material properties can have very a compact 

form. In vector notation, the effective material properties of a two-domain system are given 

bv a 9x9 matrix 

17 



M = 
'.d^ 

d   e 
(25) 

/ 

where s is a 6x6 matrix of rhe elastic compliances, d is a 6x3 matrix of piezoelectric constants 

and e is a 3x3 matrix of the dielectric constant. Because the volume ratio weighting method 

eliminated the cross coupling between domain 1 and domain 2 and ignored the orientation 

effect, the effective material properties can be simply expressed as 

,(2) .,(2) 

M= (M(1V,1M-W2, + ^M<2M   (mWj-'mP' + ^I (26) 

where M(1) and M(2) are matrices of material properties of both domains and I is a 9x9 unit 

matrix. The matrices m;1) und nr'-1 are given by 

/ „<•»    i»)    .ii    (i)    (i)    (t)   .(i)   M)  M) \ su  sv,  .s,., .su  .s15  s16  au  a21  a31 

m (<) _ 

0      1 0 0     0     0     0     0     0 

jr,      a;      w,      (,)      (i)      (i)      ,(t)     .(i)     ,(«) 
J3   -v!:i    s:i4   *:«   s36   "13   "23   "33 M3 

0       0       0       10       0       0       0       0 

M.-i •s->r '3".   ■S4.r) •sr,5 (0  rfl') d(i) d{i) a15   «25   «35 »56 

0       0       0       ()       0 

0      0      0      I)      0      0 

0     0     0 

0     0 

i = 1.2. (27) 

1.11 ,i!i ,W) t(l) t(l) .(») (I) (I) U) 
«21    "22   "23   "24   «25   "26    e12    e22    e23 

I   0     0     0     0     0     0     0     0     1   . 

Numerical values for two a domain system of LiNbC>3 and BaTiOä calculated using this 

approach (labeled as Ref.[t>]) are listed in Table I to compare with the numerical values 

obtained by using the method given in this paper (also listed in Table I). 

V. DISCUSSION AND CONCLUSIONS 

It is important to point out that the global symmetry of the twin structure is maintained 

no matter if the intercouplin» between the two domains has been considered. For the case 

of LiNbO.j (m3m — 3/n). the symmetry belongs to mm2 class. For BaTiOa (m3m — 4mm) 
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the symmetry of the system is also mm2, but there are additional degeneracy for some 

material properties. They are: s\{f = ag', s\if = se£', and se£ = se£f. Using the method 

in Ref.[8]. only two of the degenerate relations s\{f = seif,s\{f = se
2{
f hold for the elastic 

compliance tensor. 

From Table I, the difference in elastic properties calculated using these two methods is 

small. This is because the elastic properties of the two variants are very similar, the intercou- 

pling effect is not significant. The difference is much larger in the piezoelectric and dielectric 

constants for lower symmetry systems. For LiNb03, the calculated piezoelectric coefficient 

di3 using these two methods differ by more than 100% and the dielectric coefficient ei3 even 

have different signs. It appears that the difference becomes smaller for higher symmetry 

systems. For the 4mm symmetry BaTi03, the difference is within a few percent for most of 

the quantities. Therefore, die volume ratio averaging method could give good predictions 

on the effective properties for higher symmetry systems but may run into problems for lower 

symmetry systems. 

In summary, we have reported in this paper a general procedure to calculate the effective 

material properties of a rwo variant twin structures. The method has taken into account 

specifically all the boundarv conditions and used more realistic relations for each individual 

tensor component rather than using a unified volume ratio averaging scheme. This procedure 

requires to solve two sets of linear systems of equations and could be easily implemented 

using computer. The equations are all linear which can be solved without much difficulties. 

In order to compare to the volume averaging scheme, we have calculated two systems 

with polar symmetries of 3m and 4mm using both methods. It was found that the new 

method gives similar results for a 4mm system but predict, quite different piezoelectric and 

dielectric coefficients for 3m systems. In some components, the difference can exceed 100%. 

The elastic properties, however, differ very little for both symmetries because the two type 

of domains are very similar in elastic, properties, the coupling of the two domains does not 

make significant difference while performing the property average. 

Two variant twins are the basis of all twin structures as revealed by all microscopy 
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works. Properly calculate the effective property of the two variant twins will pave a way to 

calculate more complicated multi-domain single crystal ferroelectric systems more precisely 

rather than using the less rigorous statistical approach. 
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FIGURES 

Domain (1) Domain (2) 

FIG. 1. The two domain system with coordinate systems chosen with the y-axis perpendicular 

to the domain wall (DW). 
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TABLES 

TABLE I. Effective material properties for two variant twin structure of LiNb03 and BaTiOs. 

The coordinate system is chosen in the way that the y-axis is perpendicular to the DW. Zero values 

of tensor components are listed by dots. 

Material LiNbOa DW(010) BaTi03 DW(llO) 

property Ps[m) Pstiii] This work Ref.8 Ps [100] Ps [010] This work Ref.8 

SaB 11 5.60 5.60 5.42 5.50 7.92 7.92 7.49 7.92 

[10-12m2N-1] 12 -1.36 -1.36 -1.10 -1.08 -1.28 -1.28 -1.71 -1.28 

13 -1.36 -1.36 -1.38 -1.46 -3.80 -3.80 -3.47 -3.79 

14 -1.35 1.35 ... ... ... ... ... ... 

15 0.26 0.26 -0.49 -0.53 ... ... ... ... 

16 0.2G -0.26 ... 3.83 -3.83 ... ... 

22 5.60 5.60 4.65 4.84 7.92 7.92 7.49 7.92 

23 -1.36 -1.36 -1.10 -1.08 -3.80 -3.80 -3.47 -3.79 

24 0.26 -0.26 ... ... ... ... 

25 -1.35 -1.35 1.36 0.87 ... ... 

26 0.26 -0.26 ... ... 3.83 -3.83 

33 5.60 5.60 5.42 5.50 8.05 8.05 7.81 8.05 

34 0.26 -0.26 ... ... ... ... ... ... 

35 0.26 0.26 -0.49 -0.53 ... ... ... 

36 -1.35 1.35 ... ... -2.89 2.89 ... 

44 15.65 15.65 15.27 15.27 13.62 13.62 11.94 11.94 

45 -0.98 0.98 ... ... 4.78 -4.78 ... ... 

46 -0.98 -0.98 -0.99 -0.99 ... ... ... ... 

55 15.65 15.65 7.92 9.22 13.62 13.62 11.94 13.62 

56 -0.98 0.98 ... ... ... ... ... 

66 15.65 15.65 15.27 15.27 34.23 34.23 30.63 30.63 

dia 11 16.28 16.28 11.84 15.53 -157 157 . . . . . . 
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dia 11 16.2ö 16.28 11.84 15.53 -157 157 ... 

[lO-^CN"1] 12 -5.83 -5.83 -5.03 -3.74 121 -121 ... ... 

13 -5.83 -5.83 -3.14 -6.58 24 -24 ... ... 

14 -47.11 47.11 ... ... ... ... ... ... 

15 26.44 26.44 23.84 20.40 ... ... ... ... 

16 26.44 -26.44 ... ... -85 -85 -127 -127 

21 -5.83 5.83 ... 121 121 130 121 

22 16.28 -16.28 ... ... -157 -157 -147 -157 

23 -5.83 5.83 ... ... 24 24 17 24 

24 26.44 26.44 22.23 22.23 ... ... ... 

25 -47.11 47.11 ... ... ... ... ... 

26 26.44 26.44 22.23 22.23 -85 85 ... 

31 -5.83 -5.83 -3.14 -6.58 ... ... ... 

32 -5.83 -5.83 -5.03 -3.74 ... ... 

33 16.28 16.28 11.84 15.53 ... ... ... 

34 26.44 -26.44 ... ... -277 -277 -179 -180 

35 26.44 26.44 23.84 20.40 -277 277 ... ... 

36 -47.11 47.11 ... ... ... ... 

dj 11 3.45 3.45 1.68 3.40 135 135 24.1 24.1 

[10-10Fm-1] 12 -0.44 0.44 ... ... -121 121 ... ... 

13 -0.44 -0.44 1.04 -0.50 ... ... ... ... 

22 3.45 3.45 1.91 1.92 135 135 133.3 135.5 

23 -0.44 0.44 — ... ... ... ... ... 

33 3.45 3.45 1.68 3.40 256 256 199.6 199.6 
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Domain Formation in 0.90 Pb( Zn1/3 Nb2/3 )03 - 0.10PbTiO3 Single Crystals 
under Electric Field along [111] Direction 
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Materials Research Laboratories, The Pennsylvania State University, USA 

Abstract: Domain   switching   has    been 
observed in the 0.9PZN - O.IPT single crystals 
with electric field along [111] direction. Their 
formation as the temperature is reduced is 
discussed here. It is shown that these are 
remarkably similar to the domains formed, when 
the temperature is fixed and the concentration of 
PT varied. This may partly explain the high k 
values obtained in these crystals. 

INTRODUCTION 

Relaxor materials such as Pb(Zni/3Nb2/3 )03 (PZN), 
Pb(Mgi/3 Nb2/3)03 (PMN), Pb(Sc1/3Nb^)03 (PSN) 
and their solid solutions with PbTi03 have come 
into prominence due to their very high 
electromechanical coupling factors k1'2^'4. Strain 
rates of 1.7% have been observed2,3 in such single 
crystals. Currently, these materials are being 
studied intensively for actuator / transducer 
applications in medical imaging. Among the 
materials mentioned above, the solid solution of 
Pb( Zni/3 Nb2/3 )03 - PbTi03 (PZN -PT) single 
crystals have the highest reported value of 
piezoelectric coefficient d^ = 2000 pC/N and 
electromechanical coupling factors £33 = 94% u . 
The phase diagram for this system is shown in 
Fig.l. One of the end members of the system is a 
relaxor. The relaxor ferroelectrics are characterized 
by large frequency dependence of the permittivity, 
broad phase transition region, tapering off of the 
polarization charge. The other end member, lead 

titanate, (PT) is a regular ferroelectric characterized 
by the sharp phase transition and frequency 
independent permittivity. The solid solution of this 
system forms a morphotropic phase boundary 
(MPB) near PT = 0.09 which shows thehigh 
values of £#, da and elastic compliances3. An 
issue of great importance is the direction in which 
the crystal must be poled to obtain the highest £33 
value. These values are obtained when the crystals 
of rhombohedral composition are poled along 
[001]. The spontaneous polarization direction for 
the rhombohedral compositions is along [111] and 
for tetragonal compositions is along [001]. 
However, the mechanism relating this poling 
direction and £-value is not very clear. Two aspects 
for this explanation can be considered- the crystal 
orientation dependence of the piezoelectric 
properties and the domain motion in relaxor 
ferrolectrics and possibly their behavior under the 
electric field. 
Phenomenological calculations6 for orientation 
dependence of piezoelectric properties have been 
calculated for the PZT system. These show that the 
maximum k^t and d^ occur in the direction canted 
about 50°-60°from the spontaneous polarization 
direction for the rhombohedral PZT. 
Domain motions in relaxor ferroelectrics contribute 
towards the piezoelectric properties. The relation 
between the dielectric property and the domain 
motion was shown for pure PZN7. A large 
dielectric relaxation was observed over a wide 
temperature for unpoled crystal. On poling, the 
dielectric dispersion occurs over a narrow 
temperature range, showing that a micro to macro 



domain change takes place under the influence of 
electric field. In the present paper, domain motion 
under the influence of electric field is discussed for 
crystals of composition 0.90PZN - 0.10 PT (near 
MPB). 

EXPERIMENTAL DETAILS 

Single crystals of 0.90PZN - 0.1 OPT were grown 
by flux method. Crystallographic direction [111] 
and [110] were then determined using a Laue x - 
ray diffractometer. The crystal was then thinned 
down to 90 um. Sputtered gold was used as 
electrodes. The plane of the Figures shown in 2e - 
2h are perpendicular to [110], and the [111] 
direction lies along top to bottom in the plane of 
the figure. Electric field was applied along 
[11 l]through the surface electrode gap. 

100 - 

c 
o 

"tu 
c 
o 

Tetragonal 

LineB 

Line A 

-100 

Rhombohedrc I \ 
0\ 

0-1 0-2 0 
PZN x PT* 

Figure 1. Phase diagram1 of the (l-x)PZN - xPT 
system near the MPB region. The changes in the 
domain configuration along lines A and B are 
discussed in this paper. 

RESULTS 

The present crystal consisted of a mixture of two 
phases; rhombohedral and tetragonal. The 
rhombohedral domains have spindle like 
morphology and the tetragonal domains show clear 
stripe pattern. 
Figures 2a - 2d show the domain evolution as the 
concentration of PT is changed from x = 0.20 to 0 
in (l-x)PZN - x PT single crystals. All the figures 
were taken8 at room temperature with the field of 
12kV/cm essentially following the line A in Fig. 1. 
Fig. 2a is for x ^ 0.2 and shows clearly the 
tetragonal domains formed. As the x is reduced to 
0.11 (Fig. 2b) and x = 0.05 (Fig 2c), the 
configuration becomes more complex. The domain 
pattern consists of stripes and the spindles showing 
the co-existence of both the phases. 

Figures 2e - 2h show the typical domain 
configuration observed during switching while 
reducing temperature for 0.90PZN - 0.10 PT single 
crystals. The field value is 3 kV/cm. When the 
temperature is reduced without the applied field 
domain appear at 224° C, the co- existence region 
occurs between room temperature and 110° C. 
Below room temperature, the number density of 
rhombohedral increases as expected from the phase 
diagram in Fig. 1. 
Figures 2e - 2h essentially follows the line B in 
Fig. 1. At a very high temperature, clear stripe 
patterns corresponding to the tetragonal state was 
observed only at the zero field value of the electric 
field cycle as the field is applied along [111] 
direction. As the temperature was reduced to 
75°C, corresponding to co-existence region, the 
stripe pattern disappeared and long spindle like 
domains with a high aspect ratio and oriented along 
[111] was observed. During an electric field cycle, 
these domains switched between the top and the 
bottom surface of the crystal: domains that were 
darker during the positive value of the field became 
lighter during the negative value of the field. The 
switching of these domains became slower as the 
temperature was reduced. Also, the sharpness of 
these domains reduced with decreasing 
temperature. Instead, small spindle like domains 
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with a smaller aspect ratio emerged in between and 
almost perpendicular to the larger domains. The 
switching of these smaller domains occur in wave 
like fashion during the maximum value of the field. 
The switching speed reduced as the temperature 
was reduced. The domains oriented along [111] 
disappeared completely and were  replaced by 
domains of a smaller aspect ratio. A typical domain 
configuration is shown for -40°C. The domain 
motion was frozen below -30°C. 
The similarities between the two sets of the domain 
configuration are quite clear. Figures 2a to 2d show 
the domain configuration for decreasing amount of 
PT content from x = 0.20 to x = 0.0 ( PZN ); 
Figures 2e to 2h show the changes in the domain 
configuration while changing the temperature for 
one composition of x = 0.10. Clear stripe patterns 
corresponding to the tetragonal phase are observed 
at room temperature for high content of PT (x = 
0.2) and at high temperature (223 °C) for 
x = 0.10 ( MPB composition). As the temperature 
is lowered, small spindles with a smaller aspect 
ratio are observed in between the spindles having a 
larger aspect ratio corresponding to the domain 
pattern for composition x = 0.05 and finally, only 
the    smaller   domains   remain   at   very    low 
temperatures which corresponds to the domain 
pattern of pure PZN. 

SUMMARY 
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It can be summarized that the domain evolution 
with field along [111] and reducing temperature for 
0.90PZN - 0.10 PT crystals are similar to that 
formed at a constant temperature and decreasing 
amount of PT content in the crystals. This type of 
domain hierarchy in combination with the crystal 
orientation dependence of piezoelectric properties 
may be the contributing factors for the high k 
observed in these materials. Further studies are 
required to quantify these results. 
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Abstract 

Ferroelectric domains of a LiTa03 single crystal were directly observed by the scanning 

electron microscopy (SEM) on its polished polar surface without metal coating. Two 

kinds of domain contrast were found with slow scan rate under the conditions of cathode 

voltage Vb=5kV and probe current 7b=8xlO'llA. These two kinds of contrast are 

antiparallel domains and domain boundaries that appeared at the initial and subsequent 

frames of scanning, respectively. The formation of these two different kinds of contrast is 

explained as pyroelectric and piezoelectric effects. 
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I. INTRODUCTION 

Visualization of domains by using scanning electron microscopy (SEM) and 

investigating effects of surface charge deposition in ferroelectric crystals have gained 

broad interests in both physics and material science communities in recent years1 M). This is 

attributed to its promising potential of resolving several problems in the observation of 

engineered domains in nonlinear optical and ultrasonic materials*5-6*. One may also gain 

more physical insight into the behaviors of ferroelectric crystals under the electron- 

irradiation on the surface. Investigation of several ferroelectric crystals using SEM had 

been made with low electron energy of E « 1-5 keV°,7). For most ferroelectric, the 

secondary electron emission yield is close to one within this energy range. The obstacle of 

obtaining imaging using SEM, i.e. charge accumulation on the surface of insulation 

materials, may be overcome under this low energy condition. Recently, we have 

successfully observed domain contrast using environmental scanning electron microscopy 

(ESEM) using an ion conduction charge neutralization mechanism(8). The domain contrast 

image from ESEM can be kept stable at the condition of 2 Torr chamber pressure and a 

30 kV accelerating voltage. 

Aside from the depolarization field influence to the secondary-electron emission, 

other physical effects provided by the non-centersymmetry characteristics, such as the 

pyroelectric and piezoelectric, also have influence on the electron emission rate in 

ferroelectric materials. It is expected that surface charge accumulation on insulating 

crystals can lead to the formation of different kinds of domain images under certain 

conditions. 

H. EXPERIMENTAL PROCEDURE 

In this paper we analyze in detail an in situ observation of ferroelectric domains and 

the evolution of the image using SEM technique in a polished c-cut LiTa03 (LT) single 

crystal plate. Consider the situation shown in Figure 1. The LT sample is 0.5 mm thick 

with a pair of parallel surfaces. The bottom surface was loosely fixed to a conducting 

holder and the electron probe of current Ib was radiated into the sample from the top 

surface. The cathode voltage was set at V0. The conducting sample holder was connected 

to the ground. 



The irradiated surface emitted secondary- and backscatter-electrons. The total emitted 

electron coefficient 5+T] as a function of acceleration voltage Va of probe electrons is 

shown in figure 2, where 8 and 7] are the yields of secondary- and backscattered-electrons, 

respectively. If the cathode voltage V0 = V2, where V2 is the voltage of the equilibrium 

point at which 5+r] = 1, the charges injected to the sample by the probe are the same as 

total emitted electrons, thus, no net charge accumulation occur in the sample. If Vo>V2, 

then S+ri < 1, the sample will be charged negatively, i.e., more electrons are injected than 

emitted until Va = V0- V> V2. If V0 < V2, more electrons are emitted before reaching the 

same condition of Va = V2 and the sample will be charged positively. Under parallel plate 

capacitance approximation, the electric potential of the top surface can be written as Vs 

=ql/££oa2, where q, I and a are surface charge, sample thickness and the beam radius, 

respectively; £ and ft are, respectively, the relative dielectric constant and free space 

permittivity. For 5+r/ *1, the effective potential from the cathode to the sample surface Va 

is equal to V0+|VS| for Vs > 0 and V0- |VJ for Vs< 0(9,,0). 

In our experiment, the LT sample with 180° anti-parallel domains was fabricated by 

field poling method on a single domain single crystal at room temperature (ll). The poled 

sample was first etched. Some positive domains with triangular shape on the -c face were 

confirmed by optical microscopy. Second, the etched surface was re-polished to remove 

the topographic domain patterns and the sample was put into the SEM chamber. The SEM 

observations were performed with the scan rate of 20 second(s) per frame using a "JEOL 

JSM-6300" scanning electron microscope in the secondary electron emission mode. The 

experimental conditions are as follows: chamber pressure p < 10"6 Torr, probe current /b = 

8xl0"uA and the cathode voltage V0 =5 kV. The small probe current ensures a longer 

effective observation time. The voltage Vb>V2 since we found that the sample surface was 

gradually charged negatively during the scan. 

ffl. RESULTS AND DISCUSSION 

Two kinds of SEM contrast images were obtained at the above experimental 

conditions. The first kind was a brightness contrast between the positive and negative 

domains, and the second is domain boundary contrast. The first kind of contrast was 



shown only at the initial frame of electron probe scanning. The image of positive domains 

was brighter than that of negative domains as shown in Fig. 3. This means that the 

secondary electron emission yield from the surface of positive domains is larger than that 

from the surface of negative domains. In subsequent frames, the first kind of contrast 

disappeared completely leaving only the second kind— domain boundary contrast. Shown 

in Fig.4 is a topographic image with the surface of positive domain higher than that of 

negative domains. The topographic origin of the image can be seen from the shadowing 

effect in Fig.4, i.e., one side of the boundary is brighter and the opposite side is darker. 

Similar result was also reported by Roseman et al. from the SEM observation of KTP . 

These two kinds of contrast are of different physical origin as analyzed in more detail 

below. 

ULI. Pyroelectric imaging 

The average energy per incident electron is £a=eVa before they entering the sample. A 

portion of this energy is used to excite the secondary electrons, backscattered-electrons 

and X-ray. While the major portion of this energy was absorbed by the sample and it 

converted into heat. Since the thermal conductivity of the sample is finite, there will be 

some temperature difference, AT, between the irradiated region and the rest of the sample. 

This temperature rise may be estimated using the follow formula: 

Ar    td[[Ih{Ea-8Es-r]Eb)le]-Ax-Br) 

Vpcp 

where /b is the probe current, e = 1.60xlO*19C is the basic charge unit, v =ita2h is the 

irradiated volume, h is the penetration depth of the electron, cp is the heat capacity per unit 

volume, p is the density of crystal, Es and Eh are the average energies of secondary- and 

backscattered-electrons, and Äx and  R,.   are the energy losses related to the X-ray 

generation and thermal conduction, respectively. The dwell time tj of the probe can be 

evaluated from tä =——, here U and u are the line scan length and line scan time, 

respectively. In Eq.(l), the product tJhEJe is the incident energy of probe electrons, 



which could be estimated from the experimental parameters. Without efficient thermal 

conduction and other energy losses, the temperature rise in the irradiated local region for a 

LT crystal (p = 7.456g-an3 (14) and cp=0.424 7 • g"' -K~nl5)) could be over one hundred 

degrees. However, in reality, due to thermal conduction, the actual local temperature rise 

is only a few degrees in a bulk sample. According to Ref.[16], the last term BT, which is 

related to the geometry and dimension of the sample as well as its thermal conductivity, is 

the main factor to prevent the local temperature increase. A temperature rise of a few 

degrees Celsius was observed for bulk samples with a typical SEM current 7b =lxlO'9A<16). 

For our case, smaller current was used but the scan rate was also slower, a temperature 

rise of 2 - 3 degrees Celsius in the irradiated local region is a reasonable estimate. This 

thermal effect can generate a pyroelectric potential UPy„, in the positive and negative 

domain regions, 

U    =^ (2) 

where KVS the pyroelectric coefficient of the sample. For LT crystal(l5) K= -17.6 x 10"5 C 

K"'m*2 and £ = 43.4. Assuming a small local temperature rise of AT- 3 K, the generated 

potential will be Upy„,= -2.5V (2.5 V) for the positive (negative) domains. The pyroelectric 

potential difference between the positive and negative domains AUpyn, can be amounted to 

5.0 V. This potential difference is large enough to produce a potential contrast on the 

surfaces of the positive and negative domains. This is because secondary electrons are low 

in energy (most are emitted with less than 10 eV), they are sensitive to the effects of 

surface potential and the electric field gradients near the sample surface. If £/pVro=2.5V for 

the negative domains, the secondary electrons with energies less 2.5 eV will not escape the 

sample, therefore, less electrons will arrive at the Everhart-Tornley detector. While for the 

positive domains, a bias of -2.5 V will act as a booster for the escape of secondary 

electrons, hence more electrons are likely to arrive at the detector. Experimentally, a 

higher yield of the secondary electrons can be observed on the surface of positive domains 

making them brighter. 

LT is a good insulator with low electrical conductivity. When the cathode voltage 

Vo>V2, 8 +77 < 1, electrons tend to accumulate on the irradiated surface producing 



additional electric filed in the interior of the sample. In our experiment, the dwell time rd of 

the probe is approximately 10"5s and the frame interval ft is 20s, therefore, the incident 

charge density per frame is estimated to be 2xlO'5 C/cm:. Because a significant fraction of 

the charge is scattered and emitted in the form of secondary electrons, the effective charge 

density for the surface build up is much lower. These accumulated charges may be 

dissipated through Maxwell relaxation process with a typical relaxation time %a = e&Jc, 

where a is the conductivity of the crystal. For a LT crystal, <T <10"nQ"lm''<l7), so that 

t^>30s. Therefore, the accumulated charges will not be sufficiently relaxed within the 

dwell time fd. Even after the frame interval time u (~ 20s) there are still remaining changes. 

This charge accumulation will cause the reduction of the effective acceleration potential Va 

between the sample and the cathode to reduce the velocity of the injected electrons. It 

will continue accompanying the scan until the condition &-rj=l is reached, at which time 

the total charge on the surface of sample reached a dynamic equilibrium. 

Before reaching the dynamic equilibrium, the surface charge is time-dependent, and 

follows a simple rule q^qdl-t^), where qQ is the surface charge at the equilibrium, t is the 

observation time, and x is the effective relaxation time which depends on the conductivity 

of the sample, the voltage and the current of the probe, the degree of vacuum in the 

chamber etc., thus, the surface potential Vs can be written as the following 

VMVo-V2)(l- e") (3) 

The average energy of an incident electron becomes 

£. = e(V0- Vs) = eV2+e(VrV2)e"t. (4) 

When the observation time t» T, £.-»eV2. Equation (4) means that the probe energy is a 

function of the observation time t. At the inital stage of scan, Vs=0, E»«eV0. The resulting 

surface pyroelectric potential, according to Eqs.(l),(2),(3) and (4), may be estimated as 

B  >^y,-y,)«*-«, (5) 
"*" e0e7ta2pc 

where L is related with the terms of energy losses in Eq.(l). The pyroelectric potential on 

the LT sample surface will monotonously decrease with time during scan. The surface 

potential V, of the positive and negative domains will differ by 2Upyn,. When t«x, V, 



=Upyn„ the dominant effect is the pyroelectric potential. On the other hand, when t »r, 

Vs» Up,or, the potential difference between the positive and negative domains becomes 

insignificant. Experimentally, the pyroelectric domain contrast can only be unambiguously 

observed in the first frame of the scan. The image fades away rap'dly with the increase of 

IDL2. Piezoelectric imaging 

With the build up of the surface potential Vs, piezoelectric effect becomes more and 

more obvious, which leads to a topographic domain pattern. The field induced by the 

surface charge accumulation along the thickness direction is E=VJl, where / is the 

thickness of the sample, which induces an elastic strain S=M/l = d33E in the sample 

through the converse piezoelectric effect. For LT, d33=9.2xlO'12C N'1 (18), thus the surface 

displacement Al is given by 

Al^xVrdMWU-e"*), (6) 

When r»T, for V,~3kV, A/=» ±0.03 p.m. For positive domains, the field E is parallel to the 

polarization P so that A/ is positive. While for the negative domains, E is anti-parallel to P 

so that A/ is negative. Because the bottom surface of the sample is only loosely bounded 

to the sample holder and free to deform, the surface displacement difference between the 

positive and negative domain on the top surface is 0.03 p.m. Experimental results 

confirmed our analysis. The boundaries between positive and negative domains show sub- 

micron steps as shown in Fig.3. We also observed the boundary contrast at lower V0 (V<j< 

3 kV); the image was the same except shallower boundary steps as expected. This fact 

revealed that the equilibrium potential V2 of the secondary electron emission in LT is 

lower than 3 kV. 

The brightness of the topographic contrast actually observed depends on the physical 

location of Everlart-Thornely detector relative to the sample. Because the detector was 

located on one side of the sample, it has a non-perpendicular view. The secondary 

electrons emitted from the domain boundaries near the detector have a higher collective 

efficiency, therefore, these boundaries are brighter, and those emitted from the boundaries 

away from the detector have a relatively lower collective efficiency, therefore, appear 



darker. In addition, the backscattered electrons mixed with secondary electrons may 

enhance the contrast. 

IV. CONCLUSIONS 

In conclusion, two different kinds of image contrast, i.e., domain contrast and domain 

boundary contrast, were observed in LT using SEM. They appeared in different stages 

during the scanning process by electron probe. At the initial frame, lower surface potential 

and higher probe energy produced contrast in antiparallel domains through pyroelectric 

effect. As charge accumulation began to occur on the polar surface of the sample due to 

the insulating nature of the sample and the imbalance of charge flow, i.e., 5+7] *1, 

topographic images were produced by the piezoelectric effect in subsequent frames of 

scan. These two different kinds of contrast reveal that ferroelectric domains may be 

imaged by different physical mechanisms in which electrons play different roles. 
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Figure captions: 

Fig.l: Definition of electrical potential levels in the experimental set-up. 

Fig.2: The sum of secondary- and backscattered-electron yield verses the effective 

acceleration voltage Va of probe electron for an insulating crystal. 

Fig> Domain contrast on the -c polar surface of a LT single crystal at the initial scanning 

frame. The triangular positive domains surrounded by the negative domains are 

brighter. 

Fig4; In subsequent frames, only boundary contrast can be observed on the polar surface 

of the LT sample. 
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Abstract: Through the example of the Prnbm - 14/ mmm structural phase 
transition in LaAg,.x Inx (x-0.2), a general procedure is given in this paper to 
model and predict the domain pair and domain wall formation using a group 
theoretical approach and a Landau-Ginzburg type continuum theory. The 
heterogeneous order parameter profile can then be calculated by using an initial 
value scan method based on the equilibrium conditions of the order parameter 
and the minimization of the total elastic energy. The dependence of the domain 
wall profile on different expansion coefficients of the free energy is 
demonstrated numerically in several examples. 

Keywords: Group theory, Domains, Domain walls, Phase transitions, 
Ferroelastic, Landau-Ginzburg theory. 

INTRODUCTION 

Group theoretical methods provide the tools to obtain a great deal of information 

about phase transitions and the resulting domain structures. The symmetry 

change at a transition allows us to obtain the following: (1) the Landau-Ginzburg 

free energy, including gradient and secondary order-parameter (OP) invariants, 

(2) the number and the physical properties of possible homogeneous domains, 
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(3) the classification of equivalent domain and twin pairs and their symmetry, 

(4) the sets of non- inear equations which define the domain wall profiles in the 

heterogeneous structures, (5) the criteria for stability, and (6) the merging and 

splitting of domain walls. 

In this paper we use the improper ferroelastic phase transition in a CsCl 

structure to illustrate the methodology of the symmetry approach. The transition 

is from a Pm3m to 74 Immm structure1 and is induced by an Af3"mode 

softening in the pseudo- binary rare earth alloy LaAg,.x In, (x-0.2). Structural 

details of the transition in CsCl are given in Ref. 1. We use the software program 

ISOTROPY2 by Stokes and Hatch to quickly obtain some of the pertinent details 

of the invariants and domain twins. 

THE LANDAU -GINZBURG FREE ENERGY 

The symmetry of the 14 / mmm distorted phase with cell quadrupling initially 

gives two possible choices2 for this symmetry change from Pm 3 m . However, 

comparison with the observed displacements leads uniquely to the realization that 

the transition is induced by the soft mode of the Ml irreducible representation, 

corresponding to a six-component OP T| = (TJ , ,Ti2,Ti3,T|.„T|J,r|6), with the direction1 

of ?,„ = (a, a, 0,0, a, -a). The Landau-Ginzburg free energy is constructed by 

forming polynomials which are invariant under the complete set of 

transformations of the higher symmetry group Pm 3 m . The invariants obtained 

from ISOTROPY can be collected into two parts. The first, the Landau energy 

part, is composed of invariant polynomials of the primary and secondary OPs. 

These terms are indicated in the following manner F^r^F^^^ + F^e,*^ + 

Fcoupitj, with invariants up to sixth order in the primary and fourth order in 

secondary OPs, and terms coupling these two sets of parameters'. As far as the 

space group symmetry change is concerned, the first order vs second order nature 

of a transition does not play a prominent role, therefore, we take the expansion 
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for the primary OP only up to fourth order in this paper, which allows us to 

obtain some simple analytic and numerical solutions. The Ginzburg portion, Fc, 

is an invariant combination of spatial derivatives of the primary OP. The free 

Fa' 

(1) 

energy form for this portion is given in Eq. (1). Euler' s equations then lead to six 

coupled partial differential equations in r\ and three equations in stress as shown 

inEq.(2), 

ar 
BF 

*% 

|£ = 0,    (/=U2,3; /=1,....6), 
^ (2) 

E„,<W.=0>    (m,«=l,2,3). 

DOMAIN TWINS 

The transition from Pm3mto 74/ mmm produces twelve homogeneous single 

domain states, labeled S„ S2...., S12. The set of all elements of the parent group 

that do not change Sj comprise the isotropy group /4 / mmm of the first domain. 

We label this group F,, which is a subgroup with basis vectors (2,0,0), (0,2,0), 

(0,0,2) and origin QA, Vi. 0) with respect the parent group. Those elements of the 
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parent group that transform S, into the particular domain S; will form a left coset 

with respect to F{ and the cosets can be used to write the parent group, denoted 

as G, in the form G = F, + g2lF{ + gu+.—£12,1-^1 > where gu is an element 

that transforms Sj to domain Sj. The isotropy group of S, is gu F, gu"X-Fx. 

A domain pair is of the form (Sj,Sj) and is made up of two domains which 

simultaneously exist in space without being combined and without interacting. 

Two domain pairs are said to be equivalent if there is some element g of the 

parent group G for which g(Sj,SjMgSi,gSjMSk>Si). This procedure allows all 

possible domain pairs for the LaAg^^ transition to be grouped into four 

classes. The identity class (Sj,Sj), two antiphase classes exemplified by the 

domain pairs (S( ,S10) and (S,,S4), and an orientation class exemplified by the pair 

(S,,S2).    Equivalent domain pairs are indicated in Table I. We will not 

Table I Equivalent domain pairs, k, m, n are positive 

integers; k+3m, k+3n+\, it+5/7+2 are smaller than 12. 

Domain Pair Equivalent Pairs 

(U10) 

(1,4) 

(2,11), (3,12), (4,7), (5,8), (6,9) 

(jfc, k+3m) without pairs in type (1,10) 

(1,2) (k,k+3n+\),(k,k+3n+2) 

discuss here the case of the identity class. The study of domain walls will then 

be reduced to studying one representative from each of three classes. 

A domain twin is defined as two semi-infinite single domain regions 

separated by a thin planar wall, with normal n, and containing the point p. 

Following Janovec's notation , this twin will be labeled (S/n,p/S7 ). Its 

symmetry group (hereafter called its twin group) consists of four parts: 

J>j - ^+ ^A+ Vv+ 5 W (3) 
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Here, F.. contains those elements that leave Si? S;, and n invariant; tL P.. contains 
v ij   " 

those elements that interchange Sj and Sj, and reverse n; r F.. contains those 

elements that leave S-, and S} invariant and reverse n; and s '.F., contains those 

elements that interchange Sj and Sj, and leave n invariant; while all of the above 

leave p invariant. Representative twin groups are indicated in Table n. 

Table II Representative Twin Groups in LaAgln 
(in terms of the parent cubic setting) 

Twin, Group, Basis, 
Origin *U tä 

1 r- 
SUFU 

r.F.. 

O/to.o.oAo.oyio) 
P4/m2/m2/m 

(1,-1,0),(-1,-1,0) 
(1/2,1/2.0) 

P4mm (C2b|0,0,0) (E|-1,1,0) (C2b|-l,I,0) 

(i/(o,o,i),(o,o,oy4) 
P2/m2/m2/m 

(0)2,0),(-l,0,0) 
(0,1/2,0) 

P2mm (C2y|0,0,0) (E|-1,0,0) (C2y|-1,0,0) 

(2/(l,l,0),(0,0,0)/3) 
C2mm 

(0,0,2),(2,-2,0) 
(0,0,-1/2) 

Cllm none (C2a|0,0,l) none 

(2/(-l,l,0),(0,0,0)/3) 
Cmm2 

(-2,2,0),(2,2,0) 
(0,-1,0) 

Cllm none none (C2a|0,0,l) 

DOMAIN WALL SOLUTIONS 

(I) The (1,10) antiphase boundary (APB) is formed between Px(r\') =( -Jl a, 

0,0,0,0, -Jl a) and ?,0 (TI ') = (- -Jl a,0,0,0,0, - -Jl a). For convenience new OP 

components have been defined where T]'j = V2 (r|i+ rji+l) or r|'i== -v/Ifa - T)i,,) 

for / even or odd, respectively. The APB is formed by half a lattice constant 
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translation of the lower symmetry phase along the z direction. The single domain 

states serve as boundary conditions for het erogeneous solutions, and we consider 

the inverse boundary value problem based on the assumption that both the 

primary and the secondary OP depend only on the position coordinate z 

perpendicular to the domain wall, thus rf - if(z). The strains are subjected to 

compatibility relations4. Assuming rj'2 = 7'3= rj\ = rfs=0, the Euler equations 

reduce to two non-linear coupled second-order ordinary differential equations for 

rj\(z) and TJ'6(Z). Both order parameter components satisfy the same equation, 

The solutions are n\ = ij'6 = & tanh(z/5APB), where ^ = [-2(21)4 -D,)/kT is the 

half width of the APB and k* is a renormalized second-order coefficient. 

(H) The (1,4) antiphase boundary is formed between?, (77') = (-Jl a,0,0,0,0, 

-(2D4 + A)^ + ^1' + <7;3 + <«^2 =0, 

-2A^+KH + 4.V + 4M* - °- (5) 

V2 a) and P4(TJ') = (-^2 a,0,0,0,0, -Jl a). This APB is formed by half a lattice 

constant translation of the lower symmetry phase along the x direction . We 

assume TJ'2 = TJ'J - TJ'A=TJ'5= 0 and a domain wall perpendicular to x. The set of 

coupled nonlinear equations are given in Eq. (5). If we take no coupling, i.e., 

A^xjf* AA\ + 2A'3 = 0, we can find the following solution: rj\ = >/2a 

tanhOt/^B), T}'6 = -Jl a, and $APB = [-2(2£>4 + DAiT- In addition, the strain 

components e2, e3 are constant and ol2 = 023 = 0,3 = 0,, = 0. 

(Ill) The (2,3) orientation twin boundary (OTB) is formed between ?2( rj') 

= (0,0,0,Via, -ßa, 0) and P3(TJ') = (0, -Jla, 41 a, 0,0,0). The domains 2 and 

3 are related by a three-fold rotation along the [111] direction of the Pm3m 

structure. Note that the (2,3) OTB is equivalent to the (1,2) OTB. In contrast to 
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the antiphase domains, orientation twin domains are distinguished by their ferroic 

properties, i.e., the two twin domains have different strains which can b; detected 

optically or with x rays. The order-parameter profile representing the twin 

boundary has the following form: TJ' = (0, rf^ rf3, TJ'4, tf 5t 0) and contains the 

x = y plane. For the special case g, = %'= %', rj4' = rjs = Q2 we get the two 

coupled differential equations: 

D+£RL+2JC;Q , +4A;Q \+IA;2Q ,ß I = 0, 
f ' (6) 

ZT^2±+2£ß 2 +4AZQ \+2A?,Q'2Q ? = 0. 
as 

Assuming A*2 = 0 and    by    defining      ^TB = JZ)  /^"   ,   we   get 

Q^l/^al + taiihis/i^)],   and   g2 =1/Viap-tanh^/^)].      The 

10 8 
domain wall energy is   E = -%TB(— k^a1 +—A^aA + lA^a").  The strains 

e'r,e'3 are constant and o„. = 0, where r and s denote the [110] and [1,1,0] 

directions, respectively. 

(IV) Numerical Solutions: General solutions for both the antiphase and twin 

boundaries can be obtained by numerically solving the nonlinear coupled 

differential Eqs. (4), (5), and (6). From the mathematical formulations, the 

differential equations for the OTB (2,3) is the same as that for the AP twin 

boundary (1,4); therefore, we will analyze the equations for (1,4) using 

normalized variables and the normalized equations can also apply to the OTB 

case. The differential equations for a (1,4) AP boundary were given in Eq. (5). 

This set of coupled nonlinear differential equations can be solved by using the 

initial value scan method , and the solutions are expected to be similar to the 

solutions of Cao and Barsch . 

The solutions for A ,/= 0 were given in our discussion after Eq. (5). For the 

more general case, A ,/ * 0, we must solve Eq. (5) numerically. To 

simplify the mathematical problem, the following substitutions are introduced: 
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(7a,b) 

a= LjM—   a =    <«       A=    ^6    , (7c,d,e) 

x"*     r=f«K- (7f'g) 

With these substitutions, Eqs. (6a,b) becomes dimension-less, i.e., 

a  aq 

and the boundary conditions become 

lim qx = ±1,  lim qz — 1. 

(8a,b) 

jr-»±«o 
(9a,b) 

From Eqs. (8) and (9), the function qx{%)    should be an odd function, 

q2(%) should be an even function, and the following conditions hold: 

dq2(0) 
<7,(0) = 0, 

dt 
(10a,b) 

One   integral   exists   for   Eqs.   (8a,b),   and   is   shown   in   Eq.   (11), 

ßt + a2A 
\d€J + «£(*?-l)-yÄ(i-flXtf-l) 

(11) 

+afl(rf -1) -1 /?,(! - Ä )(<?: -1)" «££(«&" 1) = °- 

Analyzing Eqs. (8a,b), one finds that stability requires /?, < 1 , which means that 

the coefficients A«* and A16* must have the same sign. The coefficient a 

should be on the order of one and positive.   There are three independent 

parameters in Eqs. (8a,b),  ft , /?, and a , which control the variation of the 
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order parameter across a 

domain wall or an AP 

boundary.   Fig. 1 shows 

the influence of ßl while 

the   parameters    a and 

;% are fixed. One can see 

that the anti-symmetric 

component q{ of the order 

parameter    changes the 
Figure 1 Numerical solutions for Eq. (8 a,b) 

most    while $2,    the    with the coefficients a = 2.0, ß2 = 0.2 and ßi =-0.4, 
symmetric   component,    0.0 and 0.4, respectively. 

shows little change.   In 

Fig. 2, a and ßl are fixed and /?, changes from -0.4 to 0.2. For this case, only 

the symmetric component of the OP q2 changes its amplitude while qx is 

practically un-changed. For both cases, only the amplitude of the OP varies but 

the thickness of the transition region is almost unchanged by the variation of 

ßx and ß2. In Fig. 3, both ßx and ß2 are fixed but changes in a go from -0.4 

to 0.4. As we can see the 

1.5 

Or" 

o.s - 

-0.5   - 

irrr'piTrH'Tri 

O.-0.5.P -0.1 

WT 
I''' I' ' ' I 

Figure 2 Numerical solutions for Eq. (8 a,b) 
with the coefficients a = 0.5, ßi = 0.1 and ß2 = - 0.4, 
0.0 and 0.2, respectively. 

wall thickness increases 

with a . The OP 

amplitude variation 

across a domain wall is 

determined by the 

nonlinear coefficients in 

the free energy 

expansion while the 

domain wall thickness is 

mainly controlled by the 

gradient     coefficients. 
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Stronger non-local 

coupling (large gradient 

coefficients) results in 

broader domain walls. 

Figure 3: Numerical solutions for Eq. (8 a,b) 
with the coefficients a = 2.0, ß2 = 0.2 and ßi = - 0.4, 
0.0 and 0.4, respectively. 

CONCLUSION 

We have described a 

systematic method for 

studying  the domains 

and also domain walls 

that  occur  in ferroic 

phase transitions. Use of the continually expanding ISOTROP Y program gives 

information about primary and secondary order parameters and their invariants, 

gradient invariants, domain pairs and domain twins, as well as symmetry 

determined physical properties. Numerical solutions for the domain walls 

provided additional insight into the detailed OP variation in the spatial transition 

region and the influence of different physical parameters in the free energy. 
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The nonlinear ac-field dependence of dielectric and piezoelectric coeScients in soft PZT 
piezoceramics is studied a: :'-100 Hz. We demonstrate that two different thresholds for the 
onset of nonlinearity exist a: £.:=1 V cm and £«.,«100 V cm. respectively. At weak fields, the 
ac-neid dependence of the effective dielectric coefficients obeys a scaling ia»- xmxo—A[(E-Ec)J 
£.}- with the effective coefficient .-= 1.5=0.1. Above the large fieid threshold, both dielectric 
and piezoelectric coefficient; exhibit a non-analytic scaling behavior. Tne nonlinearity is here 
anisotropic which is reflected by exponents s = 1.0=0.1 and _- = 1.2 = 0. i for fields parallel and 
perpendicular to the poling direction of the ceramic, respectively. Tne noniinear domain wall 
response at fields well below the electrical depoling field is apparently dominated by the 
depinning of domain walls rather than by the anharmonicity of the potential energy of the wall. 

KevKords: Nonlinearity: PZT: domain wall 

INTRODUCTION 

PZT-piezoceramics are widely used in technically applications such as 
piezoelectric actuators, resonators and motors. In these applications, the 
material is usually driven in high electric fields resulting in a substantial non- 
linearity in the piezoelectric and dielectric behavior. m Nevertheless, up to 
date little understanding was developed about the mechanisms causing the 
nonlinear field dependence of the piezoelectric and dielectric properties of 

:PZT. 
\ It is well known that the motion of domain walls driven by external 

electric or elastic fields has an important influence on the linear dielectric and 
Piezoelectric response of the piezoceramic (see for example referencel    '). 
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A large amount of experimental work was done to senarare rh« .    • 
domain wall contribution to the material coeffi L"? ™    h    n """ 
properties of a (hypothetic) single domain PZT-sinele cr^M«''5 "J""* 
doped (soft) PZT, where the mobility of the ^1^?*^ 
doma n wall contribution to T-K. ~      • • ■ ex«puonalIy high, the 

shown ,o be ^Zyl.?<f^J^T™V" 
d,at, depending on the atnpütode of dj dri*fac ^d " T '^ 
dtferent types of domain „„ conIributions ™"* ££"• » '"« two 

* and no ac-nTd"^ ^TZ^^*™«* 
accuracy in this ac-field ran« M I, j. «J^T       ? *' me!ls"n,18 

o^dons is theraoy *S snrat'£ tÄSttÄ 

the mtnns1C nonlineariry in PZT is believed to be ne2!i<nbS these field^f 

Tke eL! i  "I        °nSmalIy diSC0Vered in fatonaneiic svstems ^ Therefore, the additional domain wall contribution at f >> ;< J    T' 

opined in neids ^^„^^^^^^2^^ 
ceramic, respectively SrvHai ,»»,.• ..        ^u""5 uirection ot the 
in «„w f   

pccn7,y- ^P*0131 attention was paid to the range of low ac fi>M< 
in order to get information about the threshold for the onset of i^M 
domain wall motion in this material. 'rrevers.ble 
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Experimental 

All samples were cut from a commercial available PZT-ceramic (Motorola 
3203HD) which had been poled for 1 minute at a temperature r=373K. 
The poling field was thereby £=20 kV.cm. The measurements parallel to 
the poling direction were performed at thin plates (typical dimensions 
3x3x1 mm3), whereas perpendicular to this direction rectangular paralle- 
lepipeds (typical dimensions 5x3x3 mm3) were chosen. Gold electrodes 
were sputtered onto the major faces. 

The longitudinal and shear strain S3 and S5, respectively, were measured 
using a glass fibre sensor (MTI2000). The sample was glued with its bottom 
electrode on a stage and a mirror was mounted on to the top electrode from 
which the motion of the top surface, originated from either S3 or S«. can be 
sensed. The sinusoidal measuring voltage (/= 100 Hz) was generated by a 
function generator (Stanford Research Systems DS 345) and a high voltage 
amplifier (TREK 610 C). The output signal of the glass fiber sensor was fed 
both into a digital oscilloscop displaying the strain-field dependence and a 
lock-in amplifier (Stanford Research Systems DSR-830) analyzing its first 
harmonic component S)lM) from which we determined the effective piezo- 
coefficient di} = SJu>/£.-- A Sawyer-Tower circuit was used to measure 
simultaneously the polarization of the sample which was analyzed in its first 
harmonic P}lJ" by another lock-in amplifier to obtain the effective dielectric 
coefficients s„ = FjlM/E,. 

In order to estimate the influence of dielectric heating and field induced 
changes of the domain structure in large fields, we compared the results 
obtained in the continuous wave mode and tone burst mode where 5 periods 
of the ac-voltage are followed by a 3 seconds zero voltage dwelling time. The 
measurements were restricted to the field range where the results do not 
depend on the mode chosen in the experiment. At weak fields, only the 
permittivity was measured using a General Radio 1616 precision capaci- 
tance bridee with an DSR-830 lock-in amplifier as a null indicator. 

RESULTS AND DISCUSSION 

All effective dielectric and piezoelectric coefficients show qualitatively the 
same ac-field dependence (Figs' la.b). The nonlinear contribution to these 
coefficients increases considerably with increasing amplitude £ of the ac- 
field so that at a field £«3 kV/cm the coefficients are about two times of the 
corresponding small signal value. By adjusting the weak signal coefficient, 
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the large field data can be scaled in such a way that, in a double logarithmic 
scafc. they can be well approximated by straight lines. This indicates thauL 
ac-field dependence of the coefficients obeys in large fields a simple powe 

tW' B°Tf eV,ati0nS fr0m ^ P0wer Iaw aPPear at E < 100 V/cm and 
tiie ac-fie d dependence is much smaller in this field range. This supports the 
hypothesis suggested previously *• -> that ^ onset 0f irreversible doml 
wal motion m electric fields above a threshold Ec causes the significant 
nonhneanty of PZT. In order to test this scenario, the data were £S 
with the scaling relation «waiyzeo 

x = x0 + A[(E-Ec)/Ecy (1) 
where x stands for Sll .„, dx5 and ^ respectively, and the threshold field 
E the weak field coeffiaent .v0, the prefactor A and the exponent 6 are used 
as free fitting parameters. 

10000 T 
-t 

100 1000 

E3 (V/cm) 

SSE~S3Sr^ 
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FIGURE I   (Continued). 

The data above threshold can be fitted quite well by Eq. (1). For an 
accurate determination of Ec, however, the parameter x0 would have to be 
fixed. This requires the precise knowledge of the weak signal coefficient 
which we find to have itself a weak but distinctive ac-field dependence which 
we will discuss later. For this reason, we can give here only a rough 
estimation Ec= 100 = 50V/cm. For a given direction of the field, the fit 
parameters j and Ec obtained on piezoelectric and dielectric data do not 
show significant difference. Since the piezoelectric response can only be from 
the non-1803 wall motion, the adta suggest that it is predominantly the non- 
ISO1 walls which are depinned and contribute to the nonlinear response 
above Ec. On the other hand, the effective exponent <p depends on the 
direction of the ac-field which indicates a significant anisotropy of the 
nonlinearity of the ceramic. We determined exponents <p = 1.0 = 0.1 for fields 
parallel and ^r= 1.2 ±0.1 for fields perpendicular to the poling direction. 

Now we discuss the observed noniinearity of PZT piezoceramics in terms 
of the motion of domain walls driven by the external electric field. At low 
frequencies where the inertia of the wall can be neglected, this motion is 
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given by p> ^ 

ÖA.r '    f        äÄ^ (2). 

of rf,5 and *„. respectively, is obviouslv inconsisrenr «Hrh n,,-« 

comprehensive study will be published elsewhere fS    "^ °f * m°K 

iJm^t^l°0V;Cm- ** reSOlUti0n °f the«»■» " was msuffiaem to provide an accurate analysis of the ac-field dependence of the 
P^oetac coerncrents so that we present here onlv dielectric weakfil 
data. Though much weaker than in lar-e fie'ds  the JZuV     , 
of the dielectric coefficients shown in R^,^^ 
than in lan?e fi^in-  o«^  A       .. apparently more intncate 

under nv* L0\ T      P        "^^ °D the panicular samPle 
unaer investigation. A closer examination shows, however that the «m„u 

Stairs tL-1^«^ of/he —p>«^-. «*-™w <£ 

dependence which we separate by considering the difference 
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directions of die external field the effective exponent <p= U> ±0.1 (Fig. 3). 
Zt L laree field region, this ac-field dependence can not be attnouted£ 
fsimple Tavlor-expansion of the dielectric coefficient. On the other hand 
me threshold in weak fields can be determined much more preasely because 
1 field independent part X.in has not to be taken into account as an 
fdditional fids parameter. Therefore, the data prove unambiguously the 
Sence of a "non-zero threshold £e2=0.6±0.2V/cm for the onset of 

nonLarirv in the ceramic at weak fields. Since we could not obtain 
sufficiently accurate piezoelectric data in weak fields, itis not clear whether 
^threshold at Ec2 is connected with the onset of 130= wall motion or with 

another kind of non-1800 wall motion. 
One approach to introduce a nonlinearity into the model o moving 

domain walls, which is compatible with the experimental results, is to 
modifv the assumution of a linear friction force-velocity dependence FF(x). 
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1.000  -   OA   A   A   A   A   A   A    A    A   A A A     , 

;   A    £33(0.3V/cm) | ; 
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FIGURE ^   AC-deld dependence of the dielectric coefficients in weak.fieldsi (full *™ols>.The 
FlOUKfc-   *<- Qciu    H= measured initially at the AC-field £> = 0.JV CT. Open 

SmVo"eS«^^^^^ 
measuring field £„ > £, was completed. 
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FIGURE 3 AC-Seid dependence of the reversible exzess pan a\ x)u of the suszeptibiiitv 
dose above weak nod tnreshoid. The exponent J=3 -2 was obtai=ed from a least square nt of 
tne experimental data wnich is represented by the straight lices. 

We note that theoretical models treating the depinning transition of elastic 
interfaces as a dynamical critical phenomenon predict a scaling behavior 
similar to Eq. (1) between force and velocity above the onset of interface 
motion. [161 The introduction of a nonlinear friction force changes Eq. (3) 
into a nonlinear differential equation 

L   \dAx  '  dAxJ       -j  ' (■») 

where 0 is a friction coefficient and Fc the critical depinning force. The 
critical exponent s depends on the spatial dimensionality rfand no result is 
available up to now for d=3. It is believed that the exponent for d=j is 
between 1 and the mean-field exponent 3/2.tI7J 

We are aware that the values for threshold field and effective exponent 
obtained in a technical piezoceramic represent the average over all grains. 
180°-   and several  types of non-180"  domain  walls with different 
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orientations to the external field. In addition, our experiments may not 
probe the critical rerion of a probable depinning transition m the sense ot 
the theorv mentioned above. As more it is surprising, that the exponents 
determined in this study seem to be consistent with the theoretical 
expectations. Moreover, an exponent ?-1.45 ±0.03 was found recently 
for (non-ferroelastic) 180° domain walls in the ferroelectric lock-in phase of 
a purified incommensurate single crystals. [181 Clearly, more experimental 
work especially on single crystals is necessary to obtain further information 
about the depinnina transition of ferroelectric non-1800 walls. 

Another related issue is the nature of the restoring force which cannot be 
ignored inEq. (4) since this would lead to a nonlinear conductivity. It 
should be pointed out that only a small amount AP<0.lPo of the 
spontaneous polarization P0 is switched in our experiments. Apparently, the 
mean displacement of the walls is considerably smaller than the mean wail- 
wall distance orovided that the majority of the walls are displaced by the 
field and contribute to A?. For small displacements A*, it is reasonaole to 
assume that the wall moves in a quasiharmonic potential and the restoring 
force depends aooroximately linearly on A.v. On the other hand, the motion 
of the interface close above the depinning threshold is jerky and the 
elasticirv of the wall itself may also contribute to the restoring force. 

To conclude, evidence for the onset of nonlinearity in solt PZT 
piezoceramics at two threshold fields Ecl and Ee2 was obtained by analyzing 
the nonlinear ac-field dependence of their dielectric and piezoelectric 
coefficients. The result suggests that dynamical critical phenomena 
connected with the onset of collective interface motion above a threshold 
field Ec determine the nonlinear response of the piezoceramics. The non- 
linearity of ferroelectrics in the field range of so called "Raleigh loops l'~; 

appears therefore to be attributed to the dynamics of domain wails moving 
in a medium with randomly distributed pinning centers rather than by the 
anharmonicitv of the potential energy of the wall. 

The authors are arateful to the Motorola Ceramics Products Division for 
providing ceramic material for this study and acknowledge financial support 
from the office of Naval Research. 
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A Fractal Analysis on Domain Related Electric Field Induced Acoustic Emission 
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The electric field induced acoustic emission (AE) in ferroelectric ceramics under bipolar electric fields has been studied. 
From the AE event rate and the AE signal amplitude distribution, it is assumed that there are two origins of the field induced 
AE in the ferroelectric ceramics: domain reorientation related deformation and piezoelectric deformation without domain 
reorientation. The fractal dimension (m) in the field induced AE signal amplitude distribution of the ferroelectric ceramic is 
found to be m. = 1 for the domain reorientation related deformation. The fractal dimension of m = 2.S is observed for the 
piezoelectric deformation unrelated to domain reorientation after domain reorientation is completed. It is shown that the fractal 
dimension of the AE caused by the domain reorientation related deformation is lower than that of the AE generated by the 
piezoelectric deformation unrelated to domain reorientation at high electric fields. 

KEYWORDS: acoustic emission (AE), domain, ferroelectrics, fractal dimension. PLZT, PMN-PT, PZT 

1.   Introduction 

Acoustic emission (AE) method is a non-destructive tech- 
nique used to detect pulses of released elastic strain energy 
caused by deformation, crack growth and phase change in 
a solid.1' The AE method has also been used to investigate 
fundamental domain motions in ferromagnetic and ferroelec- 
tric materials,13' as well as mechanical and fatigue properties 
of materials.4' In ferroelectric and piezoelectric materials, the 
AE method has been used to determine phase change.5"" to 
detect domain reorientation8"101 and to monitor crack propa- 
gation.'- :-12' However, recent research has revealed a signifi- 
cant problem in most of the previous field induced AE stud- 
ies in the ferroelectrics. Acoustic waves were generated by a 
sample's mechanical vibration, which was caused by an elec- 
trical coupling between the power supply feedback and the 
piezoelectricity of sample.131 The acoustic wave generated by 
the vibration was large enough to conceal the true AE signal 
and was constantly observed at high signal amplification of 
the AE measurement system. It was clarified that the funda- 
mental Kaiser effect in terms of the electric field took place in 
ferroelectric ceramics by eliminating the sample vibrations.14' 
The field induced AE will not be present after poling as long 
as the applied field is maintained lower than that of the poling 
field (i.e.. Kaiser effect). Therefore, the previous reported fer- 
roelectric domain contributions in the field induced AE gener- 
ation should be reexamined through the new AE measurement 
technique. 

This paper deals with the electric field induced AE gener- 
ations in the ferroelectric and related ceramics under bipo- 
lar fields. A fractal analysis of the AE signal amplitude 
distribution, which is used in the AE method to determine 
the damage of materials, was applied.151 The effect of the 
existence of the domain structure to the AE generation in 
ferroelectric lead zirconate titanate Pb(Zrx. Tii_z)03 (PZT) 
ceramics has been discussed with comparisons to the elec- 
trostrictive lead magnesium niobate-lead titanate solid so- 
lution zPb(Mg1/3Nb2/3)03-(l - r)PbTi03 (xPMN-(l - 
x)PT) and soft piezoelectric lead lanthanum zirconate titanate 
Pb,_3z 2Lax(Zr!_y. Tiy)03 (PLZT: (x/y/1 - y)) ceramics. 

2. Experimental Setup 

Figure 1 shows the measurement system. The electric field 
induced AE and displacement were observed simultaneously. 
Tne .AE signal was detected by an AE sensor (NF Corp., AE- 
904E) with its resonant frequency of-50 kHz. The .AE signal 
was amplified by 40 dB through a pre-amplifier (NF Corp., 
AE-9913) and again up to 60dB with a main amplifier (NF 
Corp.. AE-922). The amplified signai was counted after pass- 
ing through a high-pass filter (100 kHz) and a discriminator. 
Disc specimens of commercialized ferroelectric PZT ceramic 
(Morgan Matroc. PZT-5A) as well as. electrostrictive ceram- 
ics 0.9 PMN-0.1PT and soft piezoelectric PLZT (9/65/35), 
with 12.7 mm in diameter and 0.-1 mm in thickness were em- 
ployed for this study. Gold electrodes were formed on both 
surfaces by sputtering. The AE sensor was attached to the 
sample through brass-foil with 0.025 mm in thickness, and 
silicone grease was used as a couplant to make a close ad- 
hesion. An external resistor R (R = 20 MCI) and a capaci- 
tor C iC = 0.01 pF) were installed to the power supply in 
order to eliminate the electrical coupling by increasing the 
time constant r (=R x C) of the voltage application system 
(i.e.. to suppress the high frequency feedback components). 
It should be noted that the external resistor and capacitor did 
not cause any electrical interference to the AE measurement 
system and also the intrinsic AE generations in the ceram- 
ics as long as the induced displacement was maintained and 
the field was applied at much lower frequency than the time 
constant r. The threshold level and amplification of the AE 
signal were changed from 400 mV at 100 dB to 400 mV at 
60 dB. The samples were driven under the bipolar field at var- 
ious electric field levels. The driving frequency of 0.0015 Hz 
was employed to obtain the saturation of the field induced dis- 
placement and AE to avoid the effect of the supplied current 
limited by the external resistor and capacitor. 

3. Results and Discussions 

3.1    Tlte electric field induced AE 
Figures 2(a) and 2(b) show the AE event count rate and 

the induced displacement of the ferroelectric PZT ceramics 
as a function of applied field at 0.0015 Hz with field levels 

6o: 
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Fig. 2.   AE event count and die induced displacement as a function 

of applied field of ferroelectric PZT. ul £   =   =25 kV/cm and (b> 
E = =35 kV/cm. 

of =25 kV/cm and =35 kV/cm. respectively. The AE mea- 
surement conditions were set to be at 100 dB with a threshold 
level of 400 mV. A butterfly shape induced displacement was 
obtained. For both measurements, the AE was not observed 

at the coercive field at which the induced displacement took 
a minimum. The critical electric field, where the AE started 
;o be generated, was slightly higher than the coercive field. 
Tnis critical electric field corresponded to the point of inflec- 
tion at which the second derivative of the displacement with 
respect to the field. dr(dispiacement)/dE2, changes the sign. 
In Fias. 2(a) and 2(b). change of the first derivative of the 
displacement with respect :o the field d{displacement)/dE is 
shown for the point of inflection, and the critical electric field 
corresponds to the point where d{displacement) /d£. is the 
maximum. Since the displacement induction rate started to 
decrease in spite of the field simply increasing and the AE 
was present above this field, these results might indicate that 
a damping process for the sample deformation existed above 
this field and the AE was generated through that process. The 
AE event count rate increased with the applied field when a 
field of E = =25 kV/cm was applied to the sample. For a 
field of E = =35 kV/cm. the maximum of AE event count 
rate was not observed at the maximum applied field.  The 
maximum event rate occurred around 27.5 kV/cm.  Consid- 
ering that internal stress increases with the applied field in 
ferroelectrics. if this observed AE was caused only by the in- 
ternal stress, the AE event count rate should have increased 
with the applied field. Tnus. this decrease in the AE event 
rate might suggest that the internal stress could be the ori- 
sin of the AE. but not only one source. Since the induced 
displacement in the ferroelectric ceramics consists of the do- 
main reorientation related deformation and piezoelectric de- 
formation without the domain reorientation, it was assumed 
that the field induced AE in the PZT ceramics was generated 
first through domain reorientation related deformation and. 
after domain reorientation was completed, the piezoelectric 
deformation unrelated to domain reorientation which was ac- 
companied with induced stress was expected to be the origin 
of the AE. The decrease in the AE event might indicate the 
completion of the domain reorientation related deformation. 

Figure 3 shows the induced displacement and AE event 
count rate of the electrostrictive PMN-PT ceramics. A 
quadratic induced displacement which showed much less hys- 
teresis than that of ferroelectric PZT ceramics was observed. 
The AE event count rate increased with the applied field. Be- 
cause of the absence of the domain in PMN-PT. the induced 
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displacement did not caused by the domain reorientation, but 
domain reorientation unrelated electrostrictive deformation. 
It was assumed that the origin of the AE was the internal 
stress caused by the electrostrictive deformation unrelated to 
domain reorientation, resulting in the increased AE event rate 
with applied electric field. 

Figure 4 shows the AE event count rate and the induced dis- 
placement of the soft piezoelectric PLZT (9/65/35) ceramics, 
which showed an intermediate displacement change between 
the ferroelectric PZT and electrostrictive PMN-PT ceramics. 
The AE generation started above the coercive field which was 
determined from the induced displacement. A peak of the AE 
event rate was observed around 10kV/cm. and the AE event 
rate increased with the applied field when a field higher than 
10kV/cm was applied. It was assumed that the peak of the 
AE event rate was due to the domain reorientation related de- 
formation, and after the domain reorientation was completed, 
the AE was caused by the piezoelectric deformation unrelated 
to domain reorientation. These results suggests that both the 
domain reorientation related and unrelated deformations were 
the origins of AE in the PLZT (9/65/35) ceramics. 

3.2    The fractal dimension of the electric field induced AE 
When the AE event rate f(x) is the minus m-th power of 

x. where i is the AE signal amplitude, 

f(x) = cx~m    (c : constant) (1) 

the number of m is defined as a fractal dimension.141 The frac- 
tal dimension m is used to estimate the damage in the materi- 
als. In general, the fractal dimension is found to be more than 
2 for the AE generated from the plastic deformation. Tne 
fractal dimension of m = 2 is the critical number to evaluate 
the condition of materials. If there is a damage (i.e., crack) in 
the material, the fractal dimension becomes lower than 2. 

The integrated AE event F{x), 

F(x) = f   fix) ■ dx = —i— cx~m^    (m>l)    (2) 
Jx m -1 

was observed through changing the AE signal threshold level 
in the measurements. 

Figures 5(a) shows the AE event count per cycle as a func- 
tion of the AE signal threshold level in the ferroelectric PZT 

ceramics. The observed AE event count logarithmically de- 
creased with the AE signal threshold level when a field of 
=25kV/cm was applied [Fig. 5(a;]. Thus, a fractal dimen- 
sion of m = l(d/dx[clog.r - A] = ca-"1) was obtained for 
the losarithmic decrease in the ferroelectric PZT. From the 
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plied field of soft piezoelectric PLZT (9/65/35). soft piezoelectric PLZT (9/65/35). 
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concept of the fractal dimension, the obta.ned dimension in- 
dicJl that the sample had been damaged. However jmc 
reoeatable and stable field induced AE were observed. «: *£ 
supposed that the lowered fractal dimension wa> due to  he 
Sence of ferroe.ectnc domain and the effec,: o   the: do- 

main reonentanon related deformauon. instead^o  the d;m 
aae.   When a field of =35kV/cm was applied  the higner 
AE si2nal threshold level parts did not follow to »ogamhrmc 
change. The lower s.gnal threshold level region sul could be 
fitted to a logarithmic curve and the extended hne also ended 
around the AE s.gnal threshold level obta.ned tor =2= ^ m. 
The fractal dimens.on of higher signal threshold lev el pan 
was found to be m = 2.5. Since the domain reonentanon wa> 
supposed to be completed at higher electric field, the on gin 
of the AE with the fractal dimension of 2.8 was assumed to 
be piezoelectric deformation without domain reonentanon It 
was shown that the fractal dimens.on of the field induced AE 
for the domain reonentanon related deformauon (m = 1) was 
lower than that for the p.ezoelectnc deformauon w.thotdo- 
main reonentanon (m = 2.S). The fractal dimension grea«r 
than two corresponded to the plastic deformation. Howeve. 
it was difficult to recognize the electncally induced deroga- 
tion of ferroelectric ceramics as the plastic deformauon. since 
the induced displacement recovers to the initial point arter re- 
movms the field. Hence, it should be noted that the AEgen- 
eration process in the ferroelectric ceramics could be dmerent 
from that of reponed AE in the matenals such as metals ana 

structural ceramics. fnr+* M*r 
Figure 5(b) shows the .AE event count per cycle tor Jie ele»- 

trosrrictive PMN-PT as a function of the AE signal threshold 
level The same slopes for the AE event count were observed 
at various applied fields, and the critical fractal dimension 
of m = ■> was obtained. It seems that the ongin or AE in 
the electrostrictive PMN-PT ceramics did not change with 
the applied field level, and was assumed to be the internal 
stress caused by the electrostrictive deformation unrelated to 
domain reorientation. 

In the PLZT (9/65/35) ceramics, the .AE event count fluctu- 
ated with the applied field [Fig. 5(c)]. This fluctuauon in the 
AE was probablv due to the field induced phase change and,or 
domain creation. It seems that the domain reonentanon re- 
lated deformation, the piezoelectric deformauon unrelated to 
domain reorientation and the field induced domain creation a» 
well as phase related behavior caused the AE generations in 
the PLZT (9/65/35) ceramics. The fractal dimension ot the 
PLZT (9/65/35) did not take a constant intermediate number 
between m = 1 and m = 2. but fluctuated. This wasi prooa- 
bly due to the change of AE generation source caused by .he 

applied field. 

4.    Conclusion 
The electric field induced acoustic emissions (AE) under 

H. ABIRATANI el Jl- M- 

the bipolar fields were stucied in the ferroelectric PZT sott 
otezoelectnc PLZT (9/65/25. and *»«™mc™ ** P^ 
b 1 PT ceramics.   The AE event rate as a function ot ap 
oiied field and AE signal threshold level distribution were em- 
oloved to identify the origin of held induced AE 
■   The AE event rate in ferroelectric PZT and >ott p.e oele 
trie PLZT (9/65/35) cerarrucs showed two origins,  domain 
SorSon related derogation and p.ezoelectnc   etorma- 
uon without domain reonentanon. On the ^^^- 
nal stress caused by the induced electrostrictive derormation 
was supposed to be the dominant AE generation source ,n the 
electrostrictive 0.9 PMN-UPT ceramics. 

The fractal dimension of the tenoeiectnc PZT .--mcs 
consisted of the domain reonentanon related m = , and to 
domain reorientation unrelated m = 2.s. when the e e tnc 
field of =35kV/cm was applied. The tractad«^o 
•n = 2 was obtained in the electrostncuve PMN-PT. The 
fluctuation of the fractal dimension was observed in PLZ 1 
(9/6-/35) ceramics, which showed an intermediate »täte be- 
tween PZT and PMN-PT in terms of the induced displace- 

It was shown that the domain reorientation related and un- 
related deformations were the origins of the field induced AE 
in the ferroelectric ceramics. The fractal dimension or the 
?E caused bv the domain reonentation related derormanon 
was found to be lower than that of the AE associated with the 
piezoelectric deformation without domain reonentation. 
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ELECTROSTRICTION IN DIELECTRIC MATERIALS 
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ABSTRACT 
Electrostriction is the basis of electromechanical coupling in all insulators. The 

quadratic electrostrictive strain xjj associated with induced polarization components 
Pk and Pj is given by xij=QjjklPkPl- Two converse electrostrictive effects may also 
be defined. In this paper, some trends in structure-property relationships that 
govern electrostriction are identified, along with the problems that limit our 
understanding of this fundamental electromechanical property. Electrostrictive 
coefficients range from the ~10-3m4/C2 in relaxor ferroelectrics to -103m4/C2 in 
some polymers. High sensitivity techniques such as interferometry or 
compressometry are necessary to accurately measure electrostrictive effects in most 
insulators. But even in low-K dielectrics, electrostrictive stresses may initiate 
breakdown in high field environments such as microelectronic components with 
small dimensions, high voltage insulators or in high power lasers. In polymeric 
materials, charge injection mechanisms may produce local electric field 
concentrations that can cause large electrostrictive strains. The electromechanical 
properties in polymers have also been observed to vary with the thickness of the 
specimen. A brief description of the anharmonic nature of electrostriction and its 
frequency dependence is included. 

INTRODUCTION 
Many of the recent innovations in the field of electroceramics have exploited 

the nonlinearities of material properties with factors such as electric field, 
frequency, or temperature. The nonlinear dielectric behavior of ferroelectric 
ceramics (fig.'l), for example, has opened up new market segments in electronics 
and communication. In these materials, the polarization increases nonlinarly to a 
saturation value as the applied electric field is increased1. Polarization P; varies with 
applied electric field Ej as : 

Pi = riijEj+TiijicEjEk+... 

where TIJJ is the dielectric susceptibility, and Tiyk the higher order dielectric 
susceptibility. T|jj is related to the dielectric constant Kjj by the linear relation riij = 

(Kij - l)eo. 

To the extent authorized under the laws of the United States of Amertca, all ccpynght interests in this publication are the property 
of The American Ceramic Society. Any duplication, reproduction, rx republicition of this publication or any pan thereci. vrithout 
the express »Titten consent of The American Ceramic Society or fee paid to u.e Copyright Clearance Center, is prohibiie:. 
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Fig. 1: Nonlinear polarization vs. electric field behavior for the relaxor ferroelectric 0.9PMN- 
0.1PT in its paraelecric regime (Ref. 1). 

Similarly the nonlinear elastic behavior of materials such as polymers (fig.2) has 
also been exploited in composite structures. In the natural vulcanized rubber 

shown, the strain obtained saturates as stress is increased in the low MPa range2. 

T—'—i—■—i—'—r 
0 1 2 3 4 5 

Stress,   MPa 
Fig. 2 : Nonlinear strain vs. stress behavior of a typical natural vulcanized rubber (Ref. 2). 

Linear stress-strain behavior conforming to Hooke's law is observed only in 
regions of low stress. In the linear region, the strain xy is related to the stress Xki 
by the relation xy = syw Xy. Nonlinear elastic behavior in general may be 
described by the equation: 

Xjj = Sjjki Xki+ Sjjkimn xkl Xmn + - 

where syw is the elastic compliance, and sykimn the higher order elastic compliance. 
Materials which display  large electromechanical  interactions  have  been 

exploited in the areas of stress or displacement sensing and in actuating. While most 
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commercial electromechanical materials and structures are based on linear or 
piezoelectric mechanisms, nonlinear electromechanical interactions are of interest in 
engineering material systems and structures with tunable properties3. Strains caused 
by linear and nonlinear electromechanical interactions may be expressed as: 

xij = gijm Pm + Qijmn PmPn + •• 

where the linear effect is associated with the piezoelectric constants gjjm and 
quadratic nonlinear effect with the electrostriction conefficients Qijmn. These strains 
may also be expressed in terms of electric field related coefficients d;jm and Mijmn 
as: 

xij - dijm Em + Miimn EmEn + •• 

Piezoelectricity is absent in centric crystals, but electrostriction, being a tensor 
property of even rank, can be observed in all insulating materials. Quadratic 

0.0 
T 
0.2 0.4 0.6 0.8 

Electric   Field,   MV/m 

Fig. 3 : Electrostrictive strain can be observed in all insulating materials. Quadratic strain vs. 
electric field relationships for single crystal <100> oriented MgO and spodumene glass measured 
by interferometry are illustrated here. 

electrostrictive strain in MgO  and  spodumene   glass  (Li20Ah03-4Si02)  is 
illustrated in fig. 34. It is also the primary electromechanical coupling mechanism in 
centrosymmetric materials. In this review, we look at nonlinear electromechanical 
interactions in the different ways in which it may be observed in materials, along 
with trends in structure property relationships that affect these interactions. 

PHENOMENOLOGY OF ELECTROSTRICTION 
Nonlinearity in electrical, elastic and electromechanical properties may be 

defined using the Devonshire formalism5-6. The elastic Gibbs function (G) for the 
free energy of a material may be expressed in differential form as: 
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dG = -SdT - XijdXjj + EjdPi 

where S is the entropy, T the temperature, xy the elastic strain tensor, Xjj the stress 
tensor, and Ej and Pj the electric field and polarization vectors. Properties relating 
derived variables such as S, X;J or Ej to fixed variables of state such as T, Xjj or Pj 
are obtained by taking the second derivative of this free energy function. For 
example, the first order terms for inverse dielectric susceptibility Xmn and elastic 
compliance Sjjki may be expressed as : 

Xmn = (dEm/dPn)x.T = (d2G/dPmdPn)x,T. and 
Sijkl = (dxij/dXki)p,T = (d2G/dXijdXki)p,T 

Cross-coupled properties can be derived by changing the differentiation 
variable for the second differential. The properties that introduce strain in a material 
are derived by. differentiating the elastic Gibbs function with respect to stress. The 
tensor properties associated with these effects are elastic constants, linear and 
nonlinear thermal expansion, linear piezoelectric constants (gijm). and quadratic 
(Qijmn) electrostriction constants. These electromechanical interactions can be 
expressed in a power series to the second order (fixed X, T) as : 

xij = Sijm Pm + Qijmn Pnun + •• 

Electrostriction may be thus defined as the quadratic coupling between strain 
and electric field, or between strain and polarization. It is a fourth rank tensor 
defined by the following relationships : 

xij = MijmnEm En   or 
xij = Qijmn Pm Pn 

where Mjjmn the fourth rank field related electrostriction tensor and Qjjmn the fourth 
rank polarization related electrostriction tensor. The M and Q coefficients are 
equivalent in linear dielectrics. Conversions between the two coefficients are carried 
out using the field-polarization relationships Pm = T|mn E„ and E„ = Xmn Pm where 
T|mn is the dielectric susceptibility tensor, and %mn    is the inverse dielectric 
susceptibility tensor. The need for defining a polarization related electrostriction 
tensor arises from the fact that ferroelectrics and other materials often show 
nonlineariry of dielectric properties with changing electric fields. Electrostrictive 
strain is not always quadratic with electric field, especially in high permittivity 
materials with nonlinear Pj - Ej relationships (Fig. 4). Thus, it is useful to define a 
polarization related electrostriction coefficient Qijmn better express the quadratic 
nature of electrostriction in all materials. 

2    2 The M coefficients are defined in units of m /V . Their values range from 
"* A     0      0 \(\      0.     0 

about 10'" m/V in low permittivity materials to 10" m /V in high permittivity 
actuator materials such relaxor ferroelectrics such as lead magnesium niobate - lead 
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titanate compositions.  Large strains  of the  order of strains  in  ferroelectric 
piezoelectric materials such as lead zirconate titanate may be induced in these 

materials for similar fields. Q coefficients are defined in units of m4/C2. Q values 

vary in an opposite way to M values. Q ranges from 10"3 m4/C2  in relaxor 

ferroelectrics to greater than the order of 103 m4/C~ in polyurethane films. 

c 0.8- 
•^ 
ffl 
l_ 0.6- 

*ri 
CO 

*^z 0.4- 
w^ 

s 0.2- 

0.0 H 1    *    T—'—1—>—I—' 1—i— 
0.0 0.2 0.4 0.6 

E,   MV/m 
0.8 1.0 

Fig. 4 : Electrostrictive strain is not always quadratic with electric field, especially for high K 
materials such as PMN (Ref. 1). 

Fourth rank electrostriction tensors may also be expressed in collapsed Voigt 
notation as My or Qy. Expressing these tensors in matrix form illustrates the effects 
of point group symmetry on this tensor, as applied through Neumann's principle. 
For example, the electrostriction matrix for cubic materials (point group m3m) is : 

Qii 
Q.2 
Ql2 
0 
0 
0 

Q.2 
Qn 
Q.2 
0 
0 
0 

Q.2 
Q.2 
Qn 
o 
o 
o 

0 
0 
0 

QM 
0 
0 

0 
0 
0 
0 
Q44 
0 

0 
0 
0 
0 
0 
Q44 

while the matrix for isotropic materials such as unoriented ceramics, glasses or 
polymers (Curie groups «*»m and 0000 ) would be of the form: 

Qn Q.2 Q12 0 0              0 
Q.2 Qn Q.2 0 0              0 
Q12 Q.2 Qn 0 0              0 
Ü 0 0 2(Q.rQ.2) 0                     0 
Ü ü 0 0 2(QirQi2)       0 
0 00 0 0 2(Qu-Q.2) 
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It is also useful to define a hydrostatic electrostriction coefficient Qh, as the 
variation of susceptibility with applied hydrostatic pressure. This coefficient can be 
useful in comparing electrostrictive effects in materials with different anisotropy 
characteristics. Since applied compressive stress is by convention negative, Qh 
values are positive for ceramic materials, indicating the decrease of inverse dielectric 
susceptibility (%) with applied pressure.Qh = 0.5(dx/dp) = Qn + 2Qj2 (for 
materials with cubic or isotropic symmetry). The Qh, dielectric permittivity, and 
elastic compliance values for some common dielectric materials^16 are listed in 
Table 1. 

As a consequence of the quadratic nature of the electrostriction effect, the sign 
of the strain produced in the material is independent of the polarity of the field. This 
is in contrast with linear piezoelectricity where reversing the direction of the field 
would cause a change in the sign of the strain. 

Another consequence is that electrostrictive strain occurs at twice the 
frequency of an applied AC field. In acentric materials where both piezoelectric and 
electrostrictive strains may be observed, this fact is very useful in separating the 
strains arising from piezoelectricity and from electrostriction. 

The electrostriction tensor can also be treated as a complex quantity, similar to 
the dielectric and the piezoelectric tensors. The imaginary part of the electrostriction 
is also a fourth rank tensor. Such a treatment could be very useful in providing a 
better understanding at electromechanical energy conversion in_ materials with 
relaxation mechanisms such as glasses containing alkali ions" or polymeric 
materials8. In this review, though. The discussion is confined to the real part of the 
electrostriction tensor. 

Also, electrostriction in liquid and gaseous dielectrics has been studied since 
late in the 19th century, when studies by Roentgen17 showed that all liquids 
expanded when an electric field was applied to them. In liquids, electrostriction is 
observed mainly as the contraction of a solvent around solute ions. Similar to 
solids, the electrostrictive effect in liquids is observed to be proportional to the 
square of the charge of the ions, inversely proportional to the ionic radius, and 
proportional to the value of K"2dK/dP for the solute18. This discussion, however, 
is confined to solid dielectrics. 

DIRECT AND CONVERSE ELECTROSTRICTION EFFECTS 
The electrostriction effect defined in the previous section, which relates the 

quadratic dependence of strain on applied field or induced polarization may be 
termed the direct electrostrictive effect. This effect may be expressed in terms of 
field related and polarization related electrostriction coefficients as : 

Qijmn = ( d2 Xij / dPm dPn ) = ( d3G / dXjj dPm dPn ) or 

Mijmn = ( d2 xjj / dEm dEn ) = ( d3G / dX;j dEm dEn) 

By changing the order of differentiation in the free energy term, we may derive an 
equivalent converse effect of electrostriction, as : 

Qijmn = -1/2 (d Xij / d Xmn)  = ( d3G / dP; dPj dXmn) or 
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Mijmn = 1/2 (d Tiy / d Xmn)   = ( d3G / dEj dEj dXmn ) 

which is the variation of dielectric susceptibility or its inverse with applied stress. 

Table 1 : List of dielectric constants. elastic constants, and 
electrostriction coefficients of common dielectrics. 

Materials K S S/Ke0 Qh Ref 
(xlOl:) (xlO-4) (mVC2) 
(nr/N) (m/FN) 

Relaxor Ferroelectric 
PLZT (11/65/35) 5900 9.50 1.82 0.007 9, 10, 

BaTi,Sn,.1O3,(x=0.38) 10300 8.90 1.01 0.0099 11 
BaSrJi,.,0, ,(x=0.35) 25000 4.55 0.206 0.0069 
La/PMN-PT    (1/93/97) 13000 16.42 1.43 0.006 
Perovskite Ferroelectric 

SrTi03 450 1.82 4.57 0.07 11 
PbTiOj 270 7.81 32.6 0.03 
BaTi03 1070 6.02 6.36 0.03 

PWTi,.Zr.)0, 1700 1.52 1.01 0.018 
Glass-Ceramics 
Coming 888VE 300 7.25 27.31 0.079 9 
Coming 888YT 370 5.85 17.87 0.055 
Comine 888ZF 440 4.93 12.66 0.064 

Linear Dielectrics 
Sinsle Crystals 

CaF: 6.8 6.92 1150 0.47 13,4 
BaF: 7.4 15.3 2342 0.33 

KMnF3 9.8 9.72 1121 0.24 
MgO 9.8 4.03 465 0.18 

Ceramics 
MgO-Doped AI.O, 10.5 2.90 312 1.58 This 

A1N 9.5 3.03 360 0.318 work 
Si,N, 8.7 3.13 406 1.06 

Classes 
Na-Aluminosilicate 10.2 15.3 1696 0.519 12, 14 

Fused-SiO, 3.8 14.0 4163 0.37 
Na:0.3SiO, 11.3 16.3 1629 0.765 This 

Spodumene Glass 7.9 1.18 169 0.43 work 
Polxmers 

PVDF 16 420 29660 2.4 15, 16, 
VDF/TrFE 11 400 41090 2.5 

PVC 3.4 333 110700 10.1 This 
Polyurethane 6.5 25000 4346000 850 work   1 
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It is also possible to define a second converse effect, in which electrostriction is 
defined as the variation of the piezoelectric voltage coefficient gyk with the induced 
polarization. 

Qijki = -l/2tdgijk/dPi) 

ELECTROSTRICTION IN RELATION TO OTHER ANHARMONIC 
MATERIAL PROPERTIES 

It is necessary to model anharmonic behavior to describe some macroscopic 
properties that cannot be modeled usina the harmonic approximation in solid state 
theory. Some of these properties are the thermal expansion coefficient, the 
isothermal compressibility, its pressure coefficient, and electrostriction, all of which 
contribute to the macroscopic Gibbs free energy, and are typically defined like 
compliance coefficients. 

Modeling anharmonic properties from first principles involves much effort in 
computational theoretical physics. However, simpler atomistic models, in 
combination with empirical correlations, can provide some understanding of 
electrostriction in relation with other anharmonic properties. 

Under the action of an applied electric field, the cations and anions in a crystal 
structure are displaced in opposite directions by an amount Ar. This displacement is 
responsible for the electric polarization, the dielectric constant, and the 
electrostrictive strain3. To a first approximation, we may express the relation 
between these as: 

Q = x/P2 - (An/(An: = 1/Ar - 1/K 

Plotting Qh as a function of the dielectric permittivity (fig. 5) reveals two distinct 
trends." one for materials with cubic perovskite structures and another for other 
materials. Perovskite materials of comparable compliances follow the Q - 1/K 
relation. However, linear dielectric with a large range of compliances and a small 
range of dielectric constants do not follow this" relationship. For example, diamond 
is a very covalent material with a very low complaince. and has a Qh - 0.02. 
Introducing a larger compliance range by including soft polymer dielectrics can 
further dilute this relationship. 

Large strains in compliant solids such as polymers can introduce large changes in 
the "dielectric stiffness and in anharmonic potentials. Electrostrictive strain is 
displacive and acts against the elastic forces in a material. Introducing the elastic 
compliance s into the Q vs. K relationship can better express the correlation 
between these properties. Through the first converse effect, electrostriction is 
proportional to the change of dielectric stiffness ß with stress X. which may be 

expressed as Q ~ (Aß)/(X) - x/(x/s) - s 
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Fig. 5 : Variation of Qh(m4/C2) with dielectric constant for various materials. 

Empirically, Log (Qh) is seen to vary nearly linearly with log (s/eoK) (Fig. 6). This 
combination of the compliance and the deielectric properties of a materials may be 
used as a predictor of the size of electrostriction effects in insulators. 

A Polymers 

• Silicate Glasses 
4- Glass Ceramics 

o Ferroics 

O Linear Dielectrics 

-2 0 

log(s/erE0) 
Fig. 6 :   Variation of log Qh(m4/C2) with log (S/EQK) for various materials inluding polymers 

shows a near linear relationship 
Electrostrictive coefficients have also been related to other anharmonic 

properties such as the thermal expansion coefficient, the isothermal volume 
compressibility, and the pressure derivative of the volume compressibility with 
comparable levels of correlation. More complicated shell models and quasiharmonic 
models have also been attempted for electrostriction19-20-21. The development of an 
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a priori model to accurately predict electrostriction in linear dielectrics is held back 
in pan by the lack of reliable and accurate measurements of electrostriction in these 
materials and also by the complexity of the problem. 

ELECTROSTRICTION IN ANTIFERROELECTRIC AND 
FERROELECTRIC MATERIALS 

In a ferroelectric material, that exhibits both spontaneous and induced 
polarizations, PFj and P'j, the strains arising from spontaneous polarizations, 
piezoelectricity, and electrostriction may be formulated as : 

Xij = Qijkl PFkPFI + 2 QijklPFk Pjl+ Qijkl P'k Pjl 

Leaving out the negligibly small pure electrostrictive contribution in the ferroelectric 
state, we may express the piezoelectric voltage coefficient gjjk as : 

gjjk = dxjj/dPii =2QijkipFk 

Electrostriction has been shown to be the origin of piezoelectricity in 
ferroelectric materials in conventional ceramic ferroelectrics such as barium titanate 
as well as in organic polymer ferroelectrics such as vynilidene fluoride copolymers 
(PVDF)'5. 

300 1 r0 

-80 
0.0 3.0 

—i 1 1      ■      i 1 1 1 1— 

0.5        1.0        1.5        2.0        2.5 
Electric   Field,   MV/m 

Fig. 7 : Variation of longitudinal and transverse d coefficients with applied electric field for 
electrostrictive PMN, 18°C (Ref. 1). 

This origin of piezoelectricity in electrostriction provides us an avenue into 
nonlinearity. The piezoelectric coefficient and the dielectric behavior of a transducer 
can be tuned to desired values. The piezoelectric coefficient varies with the 
polarization induced in the material, and may be controlled by an applied electric 
field (Fig. 7). The electrostrictive element may be tuned from an inactive to a highly 
active state. The electrical impedance of the element may be tuned by exploiting the 
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dependence of permittivity on the biasing field for these materials, and the 
saturation of polarization under high fields--21. 

Electrostrictive coupling between sublattices has also been proposed as a 
mechanism to explain piezoelectric anisotropy in antiferroelectric ceramics22. In a 
two-sublattice model, if On denotes the conventional electrostriction tensor, and qij 
the corresponding intersublattice coupling parameters, then the strains arising from 
spontaneous polarizations and induced polarizations PFk and P'k, in the ferroelectric 
state may be written in Voigt notation as : 

Xk = (Qki + qkl)(PFk):+ 2 (Qki + qki) PF
k P

jk+ (Qkl + qkl) (Pjk)2 

When a spontaneous polarization is induced, the pure electrostrictive contribution 
from induced polarizations alone is negligible, and we may express the piezoelectric 
coefficient dki as dki = dxk/ dP'k= 2(Qki + qkl) PFk 

The strains xAFk associated with the field induced transition from 
antiferroelectric to ferroelectric states and spontaneous strains xPFk observed at the 
transition from paraelectric to antiferroelectric states can be expressed in terms of 
the spontaneous polarization in the ferroelectric state, PFk, and PAk, the 
spontaneous polarization in the antiferroelectric state as : 

xAPfc = 2qik(PFk)2 and XPF
k = (Qk] - qkl)(PAk): 

The piezoelectric anisotropy factor djj/djk may then be calculated as: 

dij/djk = (Qij + qij)/(Qik + qik) 

Estimations of qy (~ 0.01 m4/C2) show in antiferroelectric materials show that they 
are comparable to but smaller than Qy ( - 0.06 m4/C2) values. 

SOME APPLICATIONS OF ELECTROSTRICTION 
Despite the fact that electrostriction was initially relegated to the role of an 

esoteric, and at best secondary effect, the number of applications of the 
phenomenon, both theoretical and practical, has been increasing significantly since 
the introduction of PMN as a prototype electrostrictive material1. Most applications 
take advantage of the electrostrictor as an actuator, exploiting the anhysteretic, 
tunable nature of the electromechanical response. Mechanical applications range 
from stacked actuators, through inchworms, micro angle adjusting devices, and oil 
pressure servo valves23-24. These are in the main servo-transducers, deployed as 
micropositioning devices, featuring a reproducible, non-hysteretic deformation 
response on the application of an electric signal of suitable magnitude. 

The advantages that electrostrictors have over other actuator materials include 
low hysteresis of the strain-field response, no remanent strain (walk off), reduced 
aging and creep effects, a high response speed (<10ms), and strain values 
(>0.03%) achievable at realizable electric fields. Displacement ranges of several 
tens of microns may be achieved with ±0.0In reproducibility. Most actuator 
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applications of electrostrictors as servo transducers and micropositioning devices 
take advantage of these characteristics. Mechanical applications range from stacked 
actuators through inchworms. microangle adjusting devices, and oil pressure servo 
valves. Multilayer actuators produce large displacements and high forces at low 
drive voltages. The linear change in capacitance with applied stress of an 
electrostrictor can be used as a capacitive stress gage25. Electrostrictors may also be 
used as used in field tunable piezoelectric transducers. Recently, electrostrictive 
materials have been integrated into ultrasonic motors and novel flextensional 
transducers. 

Electrostrictors have also been integrated into "smart" optical systems such as 
bistable optical devices, interferometnc dilatometers and deformable mirrors. 
Electrostrictive correction of optical aberrations is a significant tool in active optics. 
Electrostrictors also find applications in "very smart" systems such as sensor- 
actuator active vibration suppression elements. A shape memory effect arising from 
inverse hysteretic behavior and electrostriction in PZT family antiferroelectrics is 
also of interest. 

In selecting electrostrictive relaxor ferroelectrics for actuator and sensor 
applications, the following criteria are commonly used. A large dielectric constant 
and field stability in the K vs. E relations are useful in achieving large 
electrostrictive strains. These criteria also lead to large induced polarizations and 
large induced piezoelectric coefficients through the second converse effect. Broad 
dielectric transitions allow for a large operating temperature range. Minimal E-P 
hysteresis and no remanent polarization are useful in achieving a low loss material 
that is not susceptible to Joule heating effects. These factors are listed in Table 2. 

Table 2 : Selection Critera for Ceramics for Electrostrictive Devices. 

Desirable Properties 
Large strain, induced polarization, 

and induced piezoelectricity 
• Large operating temperature range 
• Low loss, low joule heating, 
minimal hysteresis, no remanent 
polarization 

Material Behavior 
> Large dielectric constants 

• Broad dielectric transition 
> Operation in paraelectric regime 
(T > Tmax) 

As a fundamental effect, electrostriction may prove to be an important factor in the 
design of sub-micron electronic devices. The present focus is on synthesis of 
materials with large electrostriction effects. The other extreme of the scale may 
prove to be of interest, too. As microelectronic devices are taken to smaller 
dimensions, the increased field levels on the materials can cause quadratic 
electrostrictive effects (x a E2 - 1/t2) to predominate over inear piezoelectric effects 
(x a E - 1/t ) .This effect is illustrated for silica, using the piezoelectric d 
coefficients of quartz (d~lCH2 m/V) and electrostrictive M coefficients of silica 
glass (M-IO21 m2/V2) in fig.8. An applied voltage of 10V is assumed, and piezo 
and electrostrictive strains are plotted for devices of various thicknesses. Oxide 
layers in semiconductors are typically a few hundreds of angstroms thick. Around 
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thicknesses of 100Ä, the electrostrictive strain can be larger than the piezoelectric 
contribution, and close to breakdown strains for ceramics. It is then tempting to 
consider designing a material with zero electrostriction coefficients, for applications 
in areas where field induced damage is a significant risk. Other, more benign 
options are also offered by the effect in an increasing array of novel sensor and 
actuator applications, that make it well worth further study. 
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Fig.8 : Strains from piezoelectric quartz and electrostrictive amorphous silica glass for devices of 

varying thickness, with a voltage of 10V across the device. A typical d coefficient - 10'^^nW and 

M coeffiient - 10"2'm2/V2 were assumed. 

MEASURING A RANGE OF ELECTROSTRICTIVE EFFECTS 
A variety of experimental methods have been employed to measure a wide 

range of electrostrictive effects in dielectric materials. The direct and converse 
electrostriction effects are of importance in that they offer two independent and 
equivalent techniques of measuring electrostriction in a material: 

a) by measuring the strains induced in materials in response to applied fields 
or induced polarizations, using the direct effect, and 

b) measuring the change in permittiviry (via the change in capacitance) under 
an appropriate stress using the converse effect. 

The detection of small electrostrictive strains and the accurate evaluation of 
electrostrictive properties in most low permittivity materials is a necessarily intricate 
process. For a field strength of.106 V/m, the typical induced strain in a centric ionic 
material is of the order of 10" . This translates into a displacement of 10 m, or 
0.01 A for a sample 1mm thick.. However, experiments to measure electrostrictive 
effects have been carried out since the turn of the 20th century. An early review of 
electrostriction by Cady26 cites several measurements of electrostriction in 
insulators such as gases, oils, rubbers, glasses and cements. These effects were 
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measured by evaluating the expansion or the contraction of a condenser - probably a 
Leyden jar in the case of early measurements. 

widely used experimental techniques include the strain gauge method in 
which the output from a strain gage (usually pasted on the displacing sample) is 
used to measure the displacement in a given direction. The increased sensitivity and 
available in linear voltage displacement transformers (LVDTs) and potentiometers 
have  made  them  another  tool   to   measure  displacements  in   electrostrictive 
materials25. The strain gage and LVDT techniques are typically used for materials 
with larger strains, typically of the order of lCr4 or greater. The technique of 
capacitance dilatometry involves measuring the change in capacitance arising from 
the electrostrictive displacement of one face of a parallel plate capacitor. The 
accuracy of early capacitance dilatometry measurements may have been limited by 
the unavailability of phase locking and sophisticated electronic feedback loops 
incorporated into the system to compensate for thermal drift28-29. 

Photodetector 

„aser * * M *'* * M * * j» +\ * . 

Focal Lens 

-I 
Beam 
Splitter 

Feedback System 

fe Electrostrictive 
^ Stack 

DC Power 
Supply 

-CD- 
Sample 

" tipufier 

(Computer) 

'^_^_' Optical Path 
Electrical 
Connections 

Fig. 9 : Schematic of a typical interferometric ultradilatometer, showing system components, 
optical paths and electrical connections (Ref. 33) 

Homodyne and heterodyne laser ultradilatometers based on Michelson 
interferometers  have  been   used   since   the   1930s   to   measure   very   small 
displacements30-31-32'33. These instruments detect the shifts in interference fringes 
caused by changes in path length of two laser beams, one of which is reflected from 
the surface of a sample under an ac field. Using phase locking and feedback loops 
to stabilize the system, interferometers are capable of resolutions of 10*3Ä or better, 
and usually operate in the range of 1kHz to 100kHz (Fig.9). Typical results from 
interferometry measurements for MgO and spodumene glass are shown in fig.3. 

Recently, a bimorph based dilatometer similar in principle to an atomic force 
microscope has been introduced. This   instrument  is  capable  of measuring 
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displacements of the order of 0.01 A in a frequency range of 1 to 100kHz, and is 
useful in studying electrostriction in thin films (Fig.10)34. 
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Fig. 10 : Schematic of the bimorph dilatometer for measuring electromechanical response in 
polymer thin films (Ref. 34) 

In most direct effect measurements, the electrostatic attractive stress between 
opposite charged faces of a dielectric material can contribute to the dimensional 
change. This stress is called the Maxwell stress, and the corresponding strain XM is 
dependent on the dielectric and elastic properties of the material. With all quantities 
being measured in the direction of the field, XM is given by35 : 

xM = -0.5 eo er s E
2 

This correction is significant mainly in the case of low permittivity materials where 
very small strains are observed and for elastically soft polymers. 

Techniques for measuring the converse effect call for precision evaluation of 
dielectric properties, small capacitance changes of the order of 10"16 - 10~15 F need 
to be resolved for applied stresses of the order of O.lMPa for low permittivity 
ceramic materials. Other requirements are stable temperature control and the 
establishment of 'true' stress systems - completely hydrostatic if the hydrostatic Qj, 
coefficients are being measured and truly uniaxial stresses in compressometry (Fig. 
Ha)7.36. 

Modifications to compressometric systems are aimed mainly at improving 
sensitivity or uniaxiality for accurate evaluation of the separated components of the 
electrostriction tensor37«38. A correction corresponding the capacitance change due 
to the geometric shape change of the dielectric from elastic strain has to be 
performed to calculate accurate Q;J values in low permittivity dielectrics when the 
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converse method is used. Results from compressometry measurements for some 
common ceramics are illustrated in fig. lib. 
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Fig. 1 la : Schematic of a converse method measurement system. The sample is shown shaded 
(Ref. 48). 
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Fig. lib: Compressometery results for ceramic alumina, aluminum and silicon nitride. 

In the case of low permittivity materials, it is necessary to measure electrostriction 
by both direct and converse methods to calculate reliable and accurate Q or M values 
(Table 3). 

Some recent studies on quartz have used the change in resonant frequency of 
the vibration modes of the material caused by a dc field39, or the dc field induced 
variations in the transit times of ultrasonic pulses in the material40. These methods 
are used to calculate   combinations of the electroelastic and the electrostrictive 
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constants of quartz, as well as the nonlinear piezoelectricity and the permittivity 
tensors. While the method yields accurate results for the piezostriction, the 
electrostriction values show poorer agreement with values in the literature. 

Table 3 : Comparison of direct and converse method measurement 
results for a variety of dielectric materials. These values agree to 
within +5% (Refs. 4, 12) 

Material Direct 
Oil   m4/c2 

Converse 
Oil   m4/C2 

BaF2            Qn 
Ql2 
044 

-0.33 
-0.29 
1.46 

-0.31 
-0.29 
1.48 

Spodumene Glass 
(Li?0-AbOr4SiO?) 

0.43 0.46 

KMnF;,        Qn 
Ql2 
04 4 

0.51 
-0.09 
1.16 

0.49 
-0.10 
1.15 

CaF2            Qn 
Ql2 
04 4 

-0.48 
-0.48 
1.99 

-0.49 
-0.48 
2.01 

LiF 0.79 0.57 
888 VE Corning Glass Ceramic 0.081 0.079   
MgO 0.33 0.34 
BeO 1.45 1.48 
SrF2              Qi i 

Ql2 
044 

-0.33 
0.38 
2.01 

-0.33 
0.39 
1.90 

3% Ca / PMN-PT 0.00289 0.00333 
Calcite 1.20 1.19 

ELECTROSTRICTION AND POLARIZATION MECHANISMS 
The basic mechanisms contributing to the polarization in dielectric materials 

have been identified and treated extensively41. Electrostriction is a polarization 
related effect defined as xy = QijklPkPl- An understanding of the mechanisms of 
polarization, especially the ionic and electronic can offer further insight into the 
underlying mechanisms, and is useful in discerning trends in the electrostrictive 
behavior, especially in low permittivity linear dielectrics. Electrostriction 
measurements on most crystalline materials have been performed only over limited 
frequency ranges (K^Hz and below). Little variation of the Q coefficients with the 
frequency of measurement is seen for most crystalline ionic solids. Measurements 
over wider ranges of frequencies may be necessary to directly study the frequency 
dependence of electrostriction. 
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The variation of the low frequency dielectric constants with temperature and 
pressure has been a subject for analysis by physicists for several decades42-20. 
Several studies review the changes in refractive index of solids with pressure, and 
attempt to explain these changes in terms of the polarizabilities of ions43,44. These 
two sets of data may be combined to analyze the electronic and ionic contributions 
to electrostriction. The electronic and ionic contributions to electrostriction may be 
compared for some well characterized oxide and fluoride materials. Results from 
studies on hydrostatic Qh electrostriction coefficients of low permittivity fluorides45 

are used in this analysis, along with measurements of the change of refractive index 
of solids with pressure46-47. 

The electrostrictive contribution from both ionic and electronic polarization 
mechanisms at low frequencyies is proportional to the ratio l/er (dEf/dp). Using the 
approximation n2 - Ee where n is the refractive index of the material and £<•  the 
electronic or high frequency dielectric constant   we may calculate 1/e,- (d£e/dp) - 
l/er (dn2/dp) from the dn/dp data. To compare the relative contributions of the 
electronic and ionic polarizations at low frequencies, the same low frequency 
(1kHz) value for er was used in both l/er (d£e/dp) and l/er (dfij/dp) ratios. The data 
used here was measured at pressures of lkbar and less so that no nonlinearity was 
apparent in dn/dp or dEf/dp. The results are listed in Table 4 for eight oxide and 
fluoride materials. 

Table 4 :  VzT (dn2/dp) and l/er (der/dp) for some 
oxides and fluorides. 

Material l/er.dEr/dp)      m2/N l/erfdn2/dp)  m2/N 

KM11F3 -4.39 x 10"11 8.79 x 10"13 

CaF2 -3.42 x 10"'' 1.5 x 10"12 

BaF2 -4.29 x lO'11 3.8 x lO*12 

LiF -5.08x10-" 4.2 x 10"13 

MgO -2.58 x lO'11 -9.5 x lO'13 

KTa03 -1.38 x 10"10 -6.7 x 10"14 

SrTi03 -2.74 x lO'10 -2.9 x 10"14 

Silica Glass -1.5 x 10"11 1.03 x 10"13 

It may be seen that most of the oxides in this analysis show a decrease in 
refractive index with pressure. This is true also for CI-AI2O3, ZnO, stoichiometric 
and nonstoichiometric MgAfeC^ spinels, a-ZnS and a-CdS44. Most fluorides on 
the other hand show an increase in n with pressure. Low frequency dielectric 
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constants decrease with pressure for both oxide and fluoride materials. The 
differing behaviors at different frequencies are caused by the relative magnitude of 
the electronic and ionic polarizations to electrostriction. In general the ionic 
contribution to electrostriction is at least two orders of magnitude greater than the 
electronic contribution, neglecting sign. The polarization effects caused by the 
relative shifting of the anion sublattice with respect to the cation sublattice in the 
crystal dominates the change in electronic polarizabilities of the various ions with 
pressure. 

Both positive and negative values of dn/dp are observed. This holds out the 
tantalizing possibility of manipulating electrostriction values. By choosing 
materials with predominantly electronic polarizability contributions, and probably 
combining or doping them, it may be possible to achieve specific (especially zero) 
electrostrictive responses in materials. This would involve further research into the 
variaion of electrostrictive effects with frequency, and possible mixing rules for 
electrostriction. The possibility of achieving zero electrostriction through the 
manipulation of crystal anisotropy has been discussed in an earlier work48. 

ELECTROSTRICTION IN POLYMER DIELECTRICS 
Piezoelectric and electromechanical coupling properties have been well 

characterized for ferroelectric polyvinylidene fluoride (PVDF) and its copolymers 
with trifluoroethylene (TRFE). Their applications have been limited mainly by their 
lower electromechanical activity when compared to conventional ceramic actuator 
materials. Recently, there has been renewed interest in nonferroelectric 
Polyurethane elastomers because of their large field induced strain response, which 
is primarily electrostrictive. These materials could have promising applications in 
sensor, actuator and microelectromechanical systems technology8,49-2'. 

Elastic 
Compliance,  . 

1<r8m2/N 
3 

-40       -20 0 20 40 60 80        100 

Temp.,°C 

Fig. 12 : Elastic compliance vs. temperature curves for Dow 2105-80AE polyurethane elastomers 
at 10andlOOHz(Ref. 50) 
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Some unusual effects have been observed in these polymer electrostrictors. 
The first is the large strain response. Strains of the order of 0.25% have 
reproducibly been achieved in these polymer systems for fields of the order of 
1M V/m.  In discussing these materials, "it may be more practical to define an 
effective field induced strain coefficient Re (x = Re E2), to calculate the large 
strains achieved in these materials. 

A strong temperature effect is observed, as may be expected from the 
nonlinear temperature dependence of the compliance of this polymer (Fig. 12). The 
Maxwell stress induced strain in these materials is given by : 

XM = - 0.5 s eo K E2 

A Maxwell strain coefficient Rm similar to Re can be defined to calculate the 
percentage of Maxwell stress contribution. Below the glass transition temperature 
To, the Maxwell stress contributions are fairly small (-10%) while above Tg, the 
Maxwell stress contribution to the field induced strain response increases to about 
35-50% . A strong frequency dependence is also observed (Fig. 13a). 

One effect that may help explain the large field induced strain in these 
materials is the thickness dependence of Re. The induced strain and 
correspondingly, Re , initially increased with increasing thickness and then 
decreases (Fig. 13b). Experiments with different electrode materials and thermally 
stimulated discharging current measurements support the hypothesis that effects 
related to charge injection, or interfacial charge may cause these dependencies. 

4.0 

3.5- 

3.0 

-R, Field 
Induced 
Strain 

Coefficient   2.0 
(10'1 ^S/V2) 

Re, 10Hz 

■ 20 0 20 40 60 80 100 

Temperature,   degs.  C 

Fig. 13a : Field induced strain coefficient Re and Maxwell strain coefficient Rm for unfiltered 
Polyurethane thin films, at RT, 10 and 100Hz. through the glass transition for Dow 2105-80AE 
Polyurethane elastomer (Ref. 50). 

34 Advances in Dielectric Ceramic Materials 



Some unusual effects have been observed in these polymer elecirostric: 
The first is the large strain response. Strains of the order of 0.25% have 
reproducibly been achieved in these polymer systems for fields of the order of 
lMV/m.  In discussing these materials, it may be more practical to define an 
effective field induced strain coefficient R, (x = Re E2), to calculate the iarge 
strains achieved in these materials. 

A strong temperature effect is observed, as may be expected fror: 
nonlinear temperature dependence of the compliance of this polymer (Fig. 12). 
Maxwell stress induced strain in these materials is given by : 

XM = - 0.5 s so K E2 

A Maxwell strain coefficient Rm similar to Re can be defined to calculat: 
percentage of Maxwell stress contribution. Below the glass transition tempe 
T2, the Maxwell stress contributions are fairly small (-10%) while above T 
Maxwell stress contribution to the field induced strain response increases to 
35-50% . A strong frequency dependence is also observed (Fig. 13a). 

One effect that may help explain the large field induced strain in 
materials is the thickness dependence of Re. The induced strain 
correspondingly, Re , initially increased with increasing thickness and 
decreases (Fig. 13b). Experiments with different electrode materials and thc-r 
stimulated discharging current measurements support the hypothesis that e 
related to charge injection, or interfacial charge may cause these dependencies. 
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Fig. I3a : Field induced strain coefficient Re and Maxwell strain coefficient Rm for unfiitercu 
polyurethane thin films, at RT, 10 and 100Hz, through the glass transition for Dow 2105-SWAI 
Polyurethane elastomer (Ref. 50). 
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When a polymer dielectric with metal electrodes is subjected to a hieh 
voltage, charge injection can occur in this material. Injected charges can then be 
Selin uVan°US sJf SUCh ** defects- interfaces etc., and their effects can show a 
SÄ" ^ a" ffe^ency dependence. Filtering polyurethane polymers before 
solution casting markedly reduces the field induced strain observed in these 
£,w L 8' u v a5lithe ^«ency dispersion as well, supporting the charge 
chSbyymterin1S' ° ^ daStiC W**™ ^ not significanüy 

Injected charges can also cause enhanced nonuniform local electric fields 
ÄÄ°n Hy? thickness. The depth of the region of the polymer with 
enhanced local fields from charge injection is determined by the transport 
coefficients of the charges in the polymer film under an electric field. The volume 
fraction of the polymer with enhanced local fields increases with a decrease in 
sample thickness. After a critical thickness, though, charge neutralization and 
homogenization processes reduces the local field enhancement. The strain 
responses correspondingly decrease50. 

The nonlinear compliance behavior of these polyolyurethane elastomers 
combined with unusual polarization behavior from interfacial charge effects can' 
make for large induced strains that are thickness dependent. Further work in' this 
^fth!3~entlfy^e specie chemistry responsible for the large strains associated 
with charge injection, and their applications in sensor and actuator areas 

0.4 

Thickness,   mm 
Fig. 13b : Induced strain as a function of thickness (using identical applied electric fields) for 
tillered and unfiltered electrostrictive polyurethane thin films, at RT, 10Hz (Ref. 50). 

SUMMARY 
As a summary, some common misconceptions about electrostriction to 

describe the key ideas set out in this paper are listed here CICCiroscnction to 
ä u c Bectrofictive s??™ ^ proportional to the square of the applied electric 
S th    fm°StK°W I*™11™1? dielectrics, P is proportional to the applied field E 
fj* fls statement is true. However, foVhigh fields, polarization can' 
saturate for high permittivity materials, especially in ferroelectric ceramics. A lineS 
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relationship is observed when strain is plotted as a function of the square f 
polarization for these materials, but not as afunction of the electric field. S ? k is 
more accurate to say that electrostrictive strain is proponional to the square cr ilie 
induced polarization. 

2. Large voltages are required to observe electrostriction : T.vo factors have 
made this a misconception. The introduction of thick and thin film capacitor- has 
enabled high field levels to be achieved even in low permittivity materials at low 
voltages. Also, the introduction of high dielectric constant relaxor ferroelectrics 
have raised polarization levels to new heights, further contributing co icrsre 
electrostrictive strains with relatively modest voltages. 

3. Electrostriction constants are about the same size for all materials, CJUI 
materials with larger electrostriction coefficients produce the lanes: :trainr : O 
constants measured for solids vary from the order of lO^m^C- for reiaxcr 
ferroelectrics to 1 for low permittivity insulators. Larger Q values have been 
observed for polymer materials. The induced electrostrictive strain is proportional to 
the square of the polarization, which implies the square of the relative permittivity is 
introduced in the strain - electric field relation. For similar electric fields, materials 
with large dielectric constants produce the larger starins. 

4. Thermal expansion effects make electrostrictive microposiioners and stress 
gauges impractical: This statement is true for low permitivitv oxide ceramic? but 
not relaxor ferroelectrics. For PMN type ceramics, Q ~ 0.01m4/C2. K - iO.000 and 
the thermal expansion cofficient a - lO^K"1. The electrostrictive strain in these 
ceramics for a field around lMV/m is 10"3. which corresponds to a 1000CC chojise 
in temperature! Relaxor ferroelectrics can also have abnormallv iow ;;hi.-inal 
expansion coefficients near their diffuse phase transitions, where K vaiues ars -.nice 
large. 

In conclusion, though electrostriction effects can be verv small in ccrr.nor. 
materials, experimental techniques using phase and frequency selection cr.n he.n ir 
achieving accurate and reliable measurements of M and Q coefficient.-. Beinc a 
nonlinear effect, electrostriction may be applied smart systems requiring tunable 
properties. Electrostriction is a significant electromechanical coupling" mccrkm:-:m in 
many high field situations. Investigating the variation of electrostiiction >vith 
frequency can reveal the contributions of various polarization mechanist" tr 
electrostrictive effects. In areas such as polymer thin films, the effects or chi>.r23 
injection and defects can produce anomalously large strains that are worth farmer 
investigation. Electrostriction still poses a range of problems and challenger in die 
areas of modeling, and in terms of a fundamental understanding of a well v-c.ivn 
effect. '■. " 
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ABSTRACT 
Some of the polarization mechanisms that affect the dielectric and electros- 
trictive responses of low dielectric permittivity glasses are examined in this 
work. Electrostriction is the basic electromechanical coupling mechanism in 
all insulators. It is defined as Xy - QijkiPkPi, where xy is the strain tensor, QijkI 

the electrostriction tensor, and Pk the induced polarization. The electrostric- 
tion constant Q, l (in Voigt notation) for glasses containing sodium was found 
to decrease with frequency in the range 0.1-10 kHz. Q,, decreased with 
frequency from 0.95 to 0.55 m'VC2 for sodium trisilicate glass and from 0.6 to 
0.45 m4/C2 for sodium aluminosilicate glass. In contrast, the Qu for two 
samples of silica glass remained nearly constant at ~0.4 m4/C2 in this 
frequency range. The role played by the Na+ ion and that of silicate coordi- 
nation shells in effecting the different electrostrictive responses of these 
glasses Was analyzed.    © 1998 Elsevier Science Ud 

KEYWORDS: A. glasses, D. dielectric properties 

INTRODUCTION 

The basic mechanisms contributing to the polarization in dielectric materials have been 
identified and treated extensively [1]. Their individual contributions are illustrated by the 

♦Corresponding authors: Dr. V. Sundar, Ceramco. Six Terri Lane, Burlington. NJ 08016, and Dr. R. 
Yimnirun. 245 Materials Research Lab, Penn State University. University Park. PA 16802. Reprint 
requests should be sent to Dr. Yimnirun. 
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frequency dispersion of the linear dielectric response, which separates the contributions from 
the different mechanisms. Space charge effects and defects contribute to interfacial polar- 
ization, which typically has a frequency regime of 105 Hz and below. Orientation or dipolar 
polarization may be seen in the range 105-"l0'° Hz in materials that have permanent dipoles. 
Ionic or atomic polarization occurs in the range 1010-1013 Hz, due to the relative displace- 
ment of the ions in the material. Electronic polarization arises from the distortions of the 
charge distributions around the ions of the material, in the optical frequency range of 10 Hz 

and above. 
Electrostriction is a polarization-related effect defined as Xy = Qjjk,PkPi. An understanding 

of the mechanisms of polarization that contribute to electrostrictive strain is of fundamental 
interest. Of the mechanisms outlined above, the effects of the ionic and electronic contribu- 
tions are of primary concern. The separation of the contributions arising from these effects 
offers further insight into the underlying mechanisms and is useful in discerning trends in the 
electrostrictive behavior, especially in low-permittivity linear dielectrics. 

Electrostriction measurements on most crystalline materials have been performed only 
over limited frequency ranges (105 Hz and below) [2]. Little variation of the Q coefficients 
with the frequency of measurement is seen for most crystalline ionic solids. Measurements 
over wider ranges of frequencies may be necessary to directly study the frequency depen- 
dence of electrostriction. However, by choosing materials and methods carefully, it may be 
possible to gain more insight into the contributions of polarization to electrostriction. 

The amorphous structure and metastability in glasses make them interesting for study. 
Random but continuous networks of (Si04)4~ tetrahedra make up the basic silica glass 
structure. Some silicate glasses show dielectric relaxations in the 10 Hz to 10 kHz frequency 
range. The effects of ion vibrations and the silicate -'cage" structures can affect the electro- 
strictive response of these materials. 

In this study, the contribution of polarization mechanisms to electrostriction was exam- 
ined. The effect of Na+ ion response to electric fields was analyzed for four different glasses: 
two silicate glasses and two silica glasses. The dielectric and electrostrictive properties of 
these glasses were measured at various frequencies and are discussed in this article. 

EXPERIMENTAL 

Glass Samples. Sodium trisilicate (Na20-3SiO:) and sodium aluminosilicate glass samples 
obtained from the R&D Division of Coming Glass Works were the two silicate glasses 
studied. For comparison, a sample of Corning 7940 silica glass and a sample of fused silica 
(General Electric) were used for measurements. The samples were in the form of disks 22-25 
mm in diameter and 1.5-3.2 mm in thickness, polished to an optical finish. Aluminum 
electrodes were evaporated onto these samples. Guard gaps 0.1 mm wide and 16-17 mm in 
diameter were scribed on the low electrodes. The compositions of the glasses are given in 

Table 1. 

Electrostriction Measurements. A General Radio 1621 capacitance bridge with a resolu- 
tion of 0.1 aF (10~19 F) in capacitance was used to measure the dielectric and electrostrictive 
properties of the glasses. The compressometer cell shown schematically in Figure 1 was used 
for electrostriction measurements. 

The compressometer is designed for the application of a homogeneous pressure oh the 
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TABLE  1 
Compositions of Glasses Studied, in wt% 

Glass SiO; ALOj Na:0 Other 

Trisilicate 
Aluminosilicate 
Coming 7940 
Fused silica 

74.4 
65 
99.9 

98-99 

0 
25 

0 
0 

25.6 
10 
0 
0 

0 
0 

0.1% H20 
-1% CaO 

Source: refs. 3 and A k 

sample surface from a completely uniaxial loading with tilt and thrust bearings in the load 
line. The error in load measurement is less than 0.5^. The dielectric susceptibility changes 
linearly with applied stress, and inhomogenieties in applied stress are averaged out by a 
comparatively large sample diameter and further diluted by the linear relationship. The 
thermal mass of the compression jig is large enough to smooth out minor drifts in ambient 
temperature. The drift in the fractional change in capacitance is less than 3 ppm/min. under 
quiet conditions. 

The electrical stability of the system is also of a high order. The capacitance of the sample 
holder itself is less than 20 aF. Care is taken to ensure that the only capacitance path is 
through the sample itself, and all signal leads are coaxial and electrically guarded. The 
capacitance measurements were carried out in a 3-terminal mode using a General Radio 1621 
Capacitance Measurement System capable of measuring down to 0.1 aF. The capacitance 
resolution with this system is on the whole better than 1 ppm, and the resolution in change 
in capacitance is less than 2 aF, even as estimated in a worst case analysis. This system is a 
powerful technique to establish the signs and magnitudes of the electrostriction constants of 
even low permittivity, low Q value materials. 

RESULTS AND DISCUSSION 

Dielectric Properties. A plot of the real and imaginary parts of the dielectric constant for the 
sodium aluminosilicate glass is shown in Figure 2. At low frequencies, the real part is 
expected to approach a fairly constant value, K«. However, interfacial (electrode i polarization 
effects can dominate at frequencies of 40 Hz and below. To eliminate this, the inverse 
dielectric constants G' and G" are plotted as a function of frequency. The inverse dielectric 
constants are defined by G* = 1/K* = 1/(K' - iK") = G' + iG". As may be seen in Figure 
3, the G" vs. frequency plots show a peak maximum at about 100 Hz for both glasses. This 

Ram 

Cell 

Coaxial 
Cables 

_Io_ 

w 
GenRad 

GenRad 
1J523  

CD 

=0 

FIG. 1 
Schematic of compressometer cell design. 
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FIG. 2 
Real and imaginary parts of the dielectric permittivity of sodium aluminosilicate glass. 

is an ionic relaxation peak arising from Na" ion movements in the various silicate ca^es The 
peak is too broad to be a single dipole relaxation and is also asvmmetric with respect to the 
peak maximum. In contrast, the dielectric constants of the Cornine 7940 "lass fe = 3 842) 
and the fused silica (er = 3.861) are constant in the frequency range 10 Hz to lb kHz 

Typically, glasses show loss curves as shown in Figure 4. Curve A shows the overall loss 
vs. frequency plot. Losses arising from dc conduction losses (B). localized conduction (C) 
vibration of heavy ions (D), and IR vibration modes fE) are possible. The mechanisms 
postulated to be associated with these loss curves are illustrated in Figure 5 

The dc conduction by alkali ions moving through the silicate channels is a common 

O 

10s 10     100    1000    104 

Frequency (Hz) 

FIG. 3 
G' and G" as functions of frequency for sodium trisilicate and aluminosilicate glasses. 
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102 10' 
Frequency (Hz) 

FIG. 4 
Dielectric loss in dasses. 

low-frequency loss mechanism in the 1-100 Hz frequency range. Localized conduction is 
associated with space charge effects in the 1-103 Hz frequency range, which is the range of 
interest in this study. Alkali ions can move by '"hopping" between positions in network 
coordination shells. 

Losses associated with the vibrations of heavy ions such as Ba2+ or Pb2~ against the 
network cages are observed at even higher frequencies, centered around 107 Hz. Infrared 
frequency vibration modes of the silicate groups themselves contribute to losses at 1010 Hz 
and above. The trisilicate and aluminosilicate glasses do not have any such heavy ions in 
them. Thus, the resonance effects seen are most likely due to the localized movement of 
alkali ions. This behavior of the alkali ions was also seen to affect the variation of the Q 
coefficients with frequency. 

Electrostriction Results. For parallel plate capacitors such as the disks used in this study, 
the capacitance. C, is given by the following equation, where A is the area of the sample and 
t its thickness. 

C = e0erA/t 

The change of permittivity with uniaxial applied stress X is related to both the change in 
capacitance and the capacitance change, 2. due to geometric deformation under stress. 

dlner/dX = (C~'dC/dX - 1) 

where 2 is given by 2 = — (sn — 2si;) = (1/9 K — 2/3 |x) for isotropic glasses. The bulk 
modulus. K. and the shear modulus, |JL, are of the order of 108 N/m2 for these glasses. Elastic 
data were taken from Karapetyan et al. [5]. 

FIG. 5 
Mechanisms associated with dielectric loss in glasses. B: dc conduction losses, C: localized 
conduction. D: vibration of heavy ions, and E: IR vibration modes. 
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FIG. 6 
(a) Variation of fractional capacitance with stress for sodium trisilicate glass for frequencies 
from 100 Hz to 10 kHz. (b) Variation of fractional capacitance with stress for sodium 
aluminosilicate glass for frequencies from 100 Hz to 10 kHz. 
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FIG. 7 
Variation of electrostriction coefficients Qu with frequency for four glasses. 0.1-10 kHz. 

The fractional change in capacitance AC/C was plotted as a function of stress to measure 
electrostriction. The results for the sodium trisilicate and sodium aluminosilicate glasses are 
shown in Figures 6a and 6b, respectively. 

Corrections were made for the change in capacitance due to the elastic shape change of the 
samples. A typical correction for sodium trisilicate glass is given as an example as follows: 
At 1 kHz. er = 11.3. K = 365 X 108 N/m2 and y, = 252 x lb8 N/nr. This gives a fractional 
change in permittivity with applied stress of -2.339 X 10"" m2/N. C~'dC/dX is 10.4 X 
10~'' m2/N for sodium trisilicate glass at 1 kHz. It is very important to correct for geometric 
changes in capacitance for glasses and other low-permittivity materials. 

Q,, vs. frequency plots are shown for all four glasses in Figure 7. The Q value for the 
trisilicate glass was within 5% of that obtained by Meng et al. [3], The fused silica and 
Corning 7940 silica glass samples showed a fairly constant QM vs. frequency trend in the 
100-10.000 Hz range. The Q,, value at 100 Hz for the Corning 7940 glass sample was 0.44 
m4/C2 and for the fused silica sample 0.38 m4/C2. The Q values for these silica glasses 
represent the electrostrictive response of the unmodified silicate network. 

For the sodium trisilicate and aluminosilicate glass samples, the largest observed values of 
Qn occurred at 100 Hz. where the ionic relaxation was observed. Qn decreased with 
frequency from 0.95 to 0.55 m4/C2 for the sodium trisilicate glass sample and from 0.6 to 
0.45 m4/C2 for the sodium aluminosilicate glass sample. This reflects the decreasing response 
of the Na+ ion oscillations with increasing frequency. Around 105 Hz, the Q,, values for both 
silicate glasses tended toward the values for the silica glasses. It can safely be inferred that 
the Na+ ion polarizability caused the larger (nearly doubled at 100 Hz) electrostrictive 
response of the sodium trisilicate glass sample, compared to that of the silica glass samples. 
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The Q values of the aluminosilicate glass were smaller than those of the trisilicate glass at 
all frequencies. The extra oxygen introduced by Na20 is nonbridging in the sodium trisilicate 
structure. Sodium aluminosilicate glass has far fewer nonbridging oxygen atoms than trisili- 
cate glass. A reduction in the nonbridging oxygen content causes an expansion in the silicate 
network coordination shell around the Na" ion. This change in volume may be electrostatic 
in origin [6]. An expanded silicate cage around the Na" ion in the aluminosilicate glass is 
distorted less by the Na" ion "hopping" in response to electric fields. Under these circum- 
stances, the Na* ion polarizability contributes less strongly to the total electrostriction for 
these glasses. 

The contributions of Na+ and other network modifiers to electrostriction are apparently 
very important for glasses. Studies on a wider variety of glasses such as borates or phosphates 
may reveal additional trends in their electrostrictive responses. 

CONCLUSIONS 

By choosing appropriate materials and methods, it is possible to analyze the ionic polariza- 
tion contribution to electrostriction in low-permittivity dielectrics. Measurements on four 
glasses show that the "hopping" of alkali ions inside network cages has a significant effect 
on electrostriction at low frequencies. With increasing frequency, the effect of this localized 
conduction mechanism decreases. The network cage also has a significant effect on the 
electrostrictive response. 
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